
N A S A  C O N T R A C T O R  
R E P O R T  

AN ACOUSTICAL STUDY OF THE 
KIWI B NUCLEAR ROCKET 

by J. Kenneth Manhart, C. M e  Ailman, 
S. R. Lane, und A. He Marsh 

Prepared under Contract No. NASw-596 by 
DOUGLAS MISSILE & SPACE SYSTEMS DIVISION 
Santa Monica, Calif. 

< .' 
a <  

1 ,- 

. .  .: 

for 

NATIONAL  AERONAUTICS  AND SPACE ADMINISTRATION WASHINGTON,  D. C. 



TECH LIBRARY KAFB, NM 

0'0 9 9 b.3 0 
NASA CR-370 

AN ACOUSTICAL  STUDY OF THE KIWI B  NUCLEAR  ROCKET 

By J. Kenneth  Manhart, C . M. Ailman, 
S. R.  Lane,  and A. H. Marsh 

Distribution of this   report  is provided  in  the  interest of 
information  exchange.  Responsibility  for  the  contents 
resides  in  the  author  or  organization  that  prepared it. 

Prepared  under  Contract No. NASw-596 by 
DOUGLAS MISSILE & SPACE SYSTEMS DIVISION 

Santa  Monica,  Calif. 

for 

NATIONAL AERONAUTICS AND  SPACE ADMINISTRATION 

For s o l e  by the  Clearinghouse  for  Federal  Scientific  and  Technical  Information 
Springfield,   Virginia 22151 - Price $4.00 

I 





ACKNOWLEDGEMENT 

The a c o u s t i c a l   r e s e a r c h   r e p o r t e d   i n   t h i s  document was 
p a r t i a l l y   s u p p o r t e d  by t h e  Atomic  Energy  Commission  through  the 
j o i n t  AEC-NASA Space   Nuclear   Propuls ion   Off ice   in  Germantown, 
Maryland;  and by the   Un i t ed   S t a t e s  A i r  Force,  Biodynamics  and 
Bionics   Divis ion,   Biophysics   Laboratory,   6570th  Aerospace  Medical  
Research   Labora tor ies ,   Wright   Pa t te rson  A i r  Force  Base,  Ohio. 

iii 





CONTENTS 

SUMMARY ............................................................ 
INTRODUCTION ....................................................... 

Objectives of the  Investigation ................................ 
Uniqueness of the  Study ........................................ 

SYMBOLS AND SPECIAL  TERMINOLOGY .................................... 
DESCRIPTION  OF  ACOUSTICAL  TEST  FACILITIES .......................... 

Description of the  Test  Site ................................... 
Tower  and  Balloon  Microphone  Installation ...................... 
Instrumentation ................................................ 

PERSONNEL  INVOLVED  IN  THE STUDY .................................... 
comm1sori OF SOLID CORE NUCLEAR AND CHEMICAL ROCKET ENGINES ....... 
DISCUSSION  OF  EXPERIMENTAL  ACCOMPLISHMENTS ......................... 
DATA  REDUCTION ..................................................... 

Visual  Evaluation of the  Data .................................. 
Sound  Power  Levels ............................................. 
Power  Spectral  Density  Plots ................................... 
Reactor  Data and  Field  Support ................................. 
Vibration Data. .................................................. 
Correlation  Calculations ....................................... 

DISCUSSION  OF  EXHAUST  FLOW  VELOCITY ................................ 
SUMMARY  OF  ACOUSTICAL  TEST  ACTIVITIES .............................. 
DISCUSSION  OF  MEASURED  ACOUSTICAL  DATA ............................. 

Comparison of Gaseous  Nitrogen  Flows ........................... 
Comparison of Spectra  from  Helium  and  Hydrogen  Cold  Flow  Tests . 
Determination of Near-and  Far-Field  Limits ..................... 
Discussion of Contours of  Equal  Sound  Pressure  Levels .......... 
Discussion of Probable  Error ................................... 
Photographic  Coverage .......................................... 

DISCUSSION  OF  KIWI B ACOUSTICAL  CHARACTERISTICS .................... 
Sound  Power  Levels ............................................. 
Generalized  Sound  Power  Spectra ................................ 

Page 

1 

1 

2 

3 
3 
4 
4 
4 

5 
7 
8 

9 

l o  
10 

10 

10 

11 
11 
11 

12 

13 

1 5  
15 
1 5  
16 

17 
17 
18 
18 
18 
21 

V 



Page 

Effect   of   Exhaust  Gas Density .................................. 23 
In t roduct ion   of  a New Normalizing  Technique .................... 23 
Discussion  of  Other  Normalizing  Techniques ..................... 24 
Conversion  Efficiency .......................................... 26 
D i r e c t i v i t y   o f   t h e  K I W I  B Sound F i e l d  .......................... 27 
Space-Time Corre la t ion   Calcu la t ions  ............................ 28 

Location of Generalized Sound Source ........................... 29 

Distr ibut ion  of   Instantaneous  Pressure  Peaks ................... 30 
Change in   Cor re l a t ion   w i th   D i s t ance  ............................ 31 

STRUCTURAL STUDIES ................................................. 31 
Dewar Vib ra t iona l  Response ..................................... 31 
Test Panel  Response ............................................ 31 
F i l t e r   E f f e c t s   i n   t h e   C o r r e l a t i o n   S t u d y  ........................ 33 

CONCLUSIONS ........................................................ 33 

APPENDIX A . Instrumentation  Systems ............................... 35 
APPENDIX B . Method Used t o   C a l c u l a t e  Sound  Power Radiated from t h e  

K I W I  B Exhaust ........................................ 41 

APPENDIX C . Calculat ions  of   Equivalent   Exhaust   Veloci t ies  ......... 43 
APPENDIX D . Calculations  of  Panel  Resonance ....................... 48 
REFERENCES ......................................................... 53 

vi 

. 



AN ACOUSTICAL STUDY OF THE KIWI B IWCLEAR ROCKET 
3y J. Kenneth  Manhart, C. M. Ailman, 

S. R. Lane,  and A. H. Marsh 

Sound  pressures  generated  by  the  exhaust  of  the  KIWI B nuclear  rocket  engine 
have  been  measured  and  the  data  analyzed.  The  characteristics of the  radiated 
sound  field  that  were  identified  include  the: 

Distribution of sound  pressures  with  frequency 

Distribution  of  radiated  sound  power  with  frequency  and  total  radiated 
sound  power 

Directivity  characteristics 

Conversion  efficiency of exhaust  mechanical  stream  power to sound  power 

Space-time  correlation of sound  pressures  in  the  near  field 

Probability  distribution  of  instantaneous  peak  pressures. 

These  characteristics  have  been  related to  the  flow  parameters  of  the  KIWI B 
exhaust and,  where  relevant,  to  acoustical  data  and  flow  parameters  of  chemical 
rocket  engines. 

A  new  method of normalizing  the  sound  power  spectra  is  introduced  because 
the  conventional  methods  did  not  satisfactorily  relate  the  acoustical  data  from 
the  KIWI B and  chemical  r0cke.t  engines.  On  the  basis  of  two  data  sets  from 
power  runs of the  KIWI B reactor,  the  acoustical  conversion  efficiency  of  the 
KIWI B exhaust  is  shown to be  lower  than  for  chemical  rockets.  In  the  near- 
field,  the  distribution  of  instantaneous  peak  pressures  was  found  to  be  approxi- 
mat  ely  Gaus s i an. 

In addition,  the  response of simple  structures  to the  KIWI B sound  field  was 
studied.  Comparisons of measured  and  analytically  derived  response  were  made. 

INTRODUCTION 

This  study  resulted  from an unsolicited  proposal  directed to  the  National 
Aeronautics  and  Space  Administration  on 17 April 1962. The duration of the study 
was 21 months  and  commenced  on 1 March 1963. The  study  was  funded  jointly  by  the 
National  Aeronautics  and  Space  Administration,  the  Atomic  Energy  Commission  and 
the United  States  Air  Force. 
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P r i o r   t o   s u b m i t t i n g  t h e  proposa1,a  Douglas-funded  acoustical  study  of t h e  
K I W I  A-3 r eac to r   r evea led   t he   fo l lowing   p rob lems   pecu l i a r   t o  t h e  measurement  of 
sound  pressure  levels   around a n u c l e a r   r e a c t o r ,  see ref. 1: (a) t he   need   fo r  
r e l i ab le   r emote   ope ra t ion ,   (b )   nuc lea r   r ad ia t ion   e f f ec t s  on instrumentation  micro- 
phones ( r e f .  21, and  the  importance  of  working t h e  a c o u s t i c a l   a c t i v i t i e s   i n t o   t h e  
p rec i se   s chedu le   o f   t he   r eac to r   ope ra t ions .  The resul ts  of t h e s e   q u a l i f i c a t i o n  
tests were i n c o r p o r a t e d   i n t o   t h e  Douglas  proposal t o  perform a la rge-sca le  
acous t i ca l   s tudy  of t h e  K I W I  B nuclear   rocket .  The earlier e f f o r t s  were e s s e n t i a l  
t o  make a s u i t a b l e   s e l e c t i o n   o f   i n s t r u m e n t a t i o n  and a reasonably good estimate 
o f  t h e  scope of t h e   e f f o r t   r e q u i r e d .  

Object ives   of  t h e  Inves t iga t ion  

The purpose  of t h e  s tudy was t o  conduct an experimental  and a n a l y t i c a l  
s c i e n t i f i c   i n v e s t i g a t i o n  of t h e   a c o u s t i c a l   c h a r a c t e r i s t i c s   o f  t h e  K I W I  B nuc lear  
rocket  engine.  The i n i t i a l   o b j e c t i v e s  were t o :  

0 Def ine   t he   acous t i c   f i e ld  radiated by t h e  j e t  exhaust of a propuls ive  
type  of   nuclear   engine and assess t h e   c o n t r i b u t i o n   o f  t h e  n o i s e   f i e l d  
Renerated by burning  hydrogen 

0 Relate t h e  data a n a l y t i c a l l y   t o   t h e   f l o w   p a r a m e t e r s  of t h e  K I W I  B and t o  
o t h e r   a c o u s t i c a l  data from t u r b o j e t s  and  chemical  rockets 

0 Modify the   cur ren t   methods ,   where   necessary ,   for   p red ic t ing  t h e  sound 
p res su re   l eve l s   i n   t he   acous t i c   nea r -  far-field o f  a nuclear   engine 

0 Inves t iga te   exper imenta l ly   and   ana ly t ica l ly  t h e  r e l a t i o n   o f   a c o u s t i c  
loading  and  the dynamic response  of  a simple f l a t  tes t  p a n e l   i n   t h e  
acous t i c   nea r - f i e ld  of t h e   r e a c t o r .  

In   Ju ly  1964, t h e   i n i t i a l   o b j e c t i v e s   o f  t h e  study  were  supplemented t o  
obta in   addi t iona l   engineer ing  data t h a t  would be use fu l   fo r   des ign   app l i ca t ions .  
Authorizat ion was r e c e i v e d   t o   a c q u i r e  more n e a r - f i e l d   a c o u s t i c a l  and s t r u c t u r a l  
response   da ta   and   to  m a k e  s p a c e - t i m e   c o r r e l a t i o n   p l o t s   f o r  two l o c a t i o n s   i n   t h e  
near - f ie ld .  

The p r i n c i p a l   a c t i v i t i e s   o f   t h e   s t u d y  were d i v i d e d   i n t o  the  fol lowing 
phases : 

0 The d e s i g n ,   f a b r i c a t i o n ,   i n s t a l l a t i o n ,  and c a l i b r a t i o n   o f   a c o u s t i c a l   a n d  
v ib ra t ion   da t a   acqu i s i t i on   sys t ems  at the  Nuclear   Reactor  Development 
S t a t i o n  (NRDS),  Nevada Test S i t e  (NTS) 3 Mercury, Nevada 

0 Par t i c ipa t ion   i n   expe r imen ta l  K I W I  B test a c t i v i t i e s  i n  cooperat ion  with 
personnel  of t h e  Los Alamos S c i e n t i f i c   L a b o r a t o r i e s  (LASL) 

0 Conduct of da ta   r educ t ion  and ana lys i s  

0 Report ing  and  l ia ison.  
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Uniqueness  of the Study 

During  the last decade,   there  has been a s i g n i f i c a n t   q u a n t i t y   o f   a c o u s t i c a l  
data   acquired from  measurements o f ' t u r b o j e t  and  chemical  rocket  engine  exhausts. 
For the most pa r t ,   w i th   t he   excep t ion   o f  some model s t u d i e s ,  t he  exhaust  gases 
from these  sources  had  comparable  molecular  weights  and  the  range  of-velocities 
and  temperatures  has  been  within a f a c t o r   o f  2 o r  3. The data  have  been 
general ized,  and empir ica l ly  derived cons tan ts  were evolved  that   have  been  used 
for   p red ic t ive   purposes .  

The exhaust   of   the  K I W I  B nuc lear   rocke t  is d i r e c t e d  upwards  and is an un- 
cooled,  unreflected,   freely  expanding  supersonic  f low  of  hydrogen w i t h  an exhaust 
velocity  of  approximately 20 000 feet per  second  and a molecular weight of  2. 
The operat ion  of   this   rocket   engine  offered t h e  oppor tun i ty   t o   ob ta in  new and 
unique   acous t ica l   da ta   tha t   cannot  be obtained from  any o the r   ex i s t ing   sou rce .  
It was a n t i c i p a t e d  t h a t  t h e  data would extend  our   present  knowledge o f  t h e  
dependence o f  many c h a r a c t e r i s t i c s   o f  a r ad ia t ed  sound f i e l d  on the  exhaust  f low 
parameters  and  could  modify o r   t end   t o   con f i rm  ex i s t ing   t heo r i e s   o r   hypo theses  
which are used t o   d e f i n e   t h e  sound f ie ld  radiated from a j e t  source.  

The nominal  performance  f igures  for  the K I W I  B r e a c t o r   s t u d i e d  here are: 
1000 megawatts of  thermal power, or approximately 50 000 pounds o f   t h r u s t  w i t h  a 
specific  impulse  of 700 lb / lb / sec .  

SYMBOLS AND SPECIAL TERMINOLOGY 

Some of   the  terminology  used  in  t h i s  s tudy   r equ i r e s   de f in i t i on .  We refer 
t o  terms used i n  Los Alamos r eac to r   ope ra t ions  and,  consequently,   adopted  for 
t h i s   r e p o r t .  A brief explanat ion  of  t h e  terms and t h e i r  meaning follows. 

Hot F i r i n g  or Power Run.- A f low  of   p rope l lan t   to  which heat i s  t r a n s f e r r e d  
as it passes   through  the  core  while it is c r i t i c a l .  

Cold Flow Test (CFT).- A f low  of   p rope l lan t   tha t  has no h e a t   t r a n s f e r r e d   t o  
it as it passes  through  an  unloaded*  or  non-radioactive  core. 

Simulated  Nozzle Test.-  I n   t h i s  type o f  test ,  the  propellant  does  not  f low 
through the r eac to r   co re ,   bu t   i n s t ead   f l ows   i n to  a manifold  which is  i n s t a l l e d  on 
the nozzle  attachment  f lange downstream o f  t he  e x i t  plenum.  See Fig.  1. The 
propel lant   exhausts  upwards through a small hole  i n  a f lat  p l a t e .  A simulated 
nozzle tes t  is  used when t h e   o b j e c t i v e  i s  t o  check  out some p a r t   o f  t h e  p rope l l an t  
t ransfer   sys tem  tha t   does   no t   involve  t h e  reac tor   core .  The o r i f i c e  diameter was 
2.910 inches   fo r   l i qu id   f l ows  and 1.840 inches  for   gaseous  f lows.  

EngineerinR  Plan (IF).- An Engineering plan cons i s t s   o f  a series of   gas   o r  
l iqu id   f lows  which  have common tes t  objec t ives .  A s ingle   gas   f low  could be 
considered a tes t ,  bu t  it is s u b o r d i n a t e d   t o  an o v e r a l l   o b j e c t i v e   t h a t  an 

* No uranium,  but  with a geometr ical ly  similar graphi te   conf igura t ion .  
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Engineering  Plan was designed t o  achieve.   Frequent ly ,   an  Engineer ing  Plan had a 
duration  of  two weeks. 

Dewar.- A cryogenic ,  vacuum i n s u l a t e d   t a n k   t o   s t o r e   l i q u i d  hydroaen  (I.32). 

The symbols  used i n   t h i s   r e p o r t  are def ined  as they are introduced.  

DESCRIPTION  OF  ACOUSTICAL  TEST FACILITIES 

D e s c r i p t i o n   o f   t h e   T e s t   S i t e  

The f i e l d  work for t h i s   s t u d y  was performed a t  the  Nuclear   Reactor  Development 
S t a t i o n  (NRDS) a t  t h e  Nevada T e s t   S i t e  (NTS). The i s o l a t e d   s t a t i o n ,   l o c a t e d  a t  
J a c k a s s   F l a t s ,  Nevada, about 90 miles nor thwes t   o f  L a s  Vegas, i s  t h e   f a c i l i t i e s  
c e n t e r  for ground tests o f  a l l  nuc lea r   r eac to r s ,   eng ines ,  and s t a g e s   t h a t  w i l l  be 
u s e d   i n   t h i s   n a t i o n ' s   s p a c e  program. 

The topography  of   the t es t  s i te  i s  t y p i c a l  of t h e   s o u t h e r n  Nevada d e s e r t .  
The NRDS f a c i l i t i e s  l i e  i n  a d e s e r t   v a l l e y  at an a l t i t u d e   o f  3800 feet  and, 
general ly ,   have a very low re lat ive  humidi ty ,   varying  between 6 and 15 per   cen t  
d u r i n g   t h e  summer months. The r e a c t o r  tests are conducted  during  dayl ight   hours  
when t h e  wind  speeds are between 5 and 15 knots .  

A l l  o f   t h e   f i e l d   a c t i v i t i e s   f o r   t h i s   s t u d y  were conducted at Test  Cell C 
(F ig .   2 ) .  A remote ly-cont ro l led   e lec t r ic   locomot ive  moves t h e  r e a c t o r   t o  and 
from t h e  test ce l l .  The r e a c t o r  i s  o r i e n t e d   i n  a non-flyable  nozzle-up  posit ion 
(hence  the  designat ion K I W I ) .  Th is   convenient   o r ien ta t ion   has  many ope ra t iona l  
advantages  and  minimizes  radiation  and  explosive  hazards.  The r e a c t o r  i s  enclosed 
i n   t h e   s h e e t  metal shed shown t o  t h e  r i g h t   o f  t h e  p i c t u r e .  This shed,  which 
provides  a secure  area when a l l  f i n a l   a d j u s t m e n t s   t o   t h e   r e a c t o r  have  been made, 
is mounted on r a i l r o a d  tracks.  In   t he  morning o f  t h e  day for r eac to r   ope ra t ions  
the   shed  is  withdrawn  and a l l  personnel   vacate  t h e  t e s t  c e l l .  Because o f  t he  
hazards from h i g h   r a d i a t i o n   l e v e l s ,   t h e   e n t i r e   r e a c t o r   o p e r a t i o n  is con t ro l l ed  
and  monitored a t  t h e   c o n t r o l   p o i n t  2 miles d i s t a n t ,  a n d  t h e  t es t  c e l l  and surrounding 
area is  c l o s e d   t o   p e r s o n n e l   d u r i n g   t h e   t e s t .   l ' h i s   s i t u a t i o n   r e q u i r e s  a v e r y  
r e l i a b l e  r emote   con t ro l   fo r   t he   acous t i ca l   da t a   acqu i s i t i on   sys t em.  

Tower and  Balloon  Microphone  Installation 

S ince   t he   exhaus t   o f   t he  K I W I  B nuc lear   rocke t  i s  d i r ec t ed  upward, t h e  
measurement of sound  pressures  necessary t o   d e f i n e   t h e   r a d i a t e d  sound f i e l d  
requi red  a t a l l  ver t ica l   a r ray   o f   microphones  so t h a t   t h e   d i r e c t i v i t y   c h a r a c t e r i s t i c s  
and  radiated  sound power could  be  determined  accurately.  

The towers  and a ba l loon  were used t o   s u p p o r t   t h e  microphone a r r ays .  The 
loca t ion   o f   t he   t owers   and   ba l loon   r e l a t ive   t o   t he   r eac to r  a t  Test Cel l  C may be 
seen   i n   F igs .2  and 3.  The shor t   tower  i s  120 feet high and placed 100 f e e t  
from t h e   r e a c t o r .  With th i s   t ower ,   nea r - f i e ld  data could  be  obtained up t o  
100 feet  above t h e  e x i t  p l ane   o f  t h e  nozzle  which was 20 feet above  the  concrete 
pad. The t a l l  tower i s  420 feet  high  and  located 260 feet  (approximately 
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100 nozz le   d iameters )  from t h e  reactor. This  tower w a s  used t o   s u p p o r t  micro- 
phones  measuring  sound  pressure  levels  which were e s t i m a t e d   t o   b e   i n   t h e   f a r - f i e l d .  
However, s i n c e   t h e  K I W I  B exhaust  had  such a h igh   ve loc i ty ,   imp ly ing   e i the r  an 
extended  region of sound power Keneration or  a loca l ized  source   very  far down- 
stream, it was n o t   c e r t a i n   t h a t   t h e   s o u r c e  would appear  as R p o i n t   s o u r c e   t o   t h e  
microphones  on the  h20-foot tower. l’hus, t o  determine  whether  the  420-foot tower 
was i n  t h e   a c o u s t i c   f a r - f i e l d  (a t  a l l  f r equenc ie s )   t he  10 000 cubic   foot  h e l i u m  
f i l l e d  ba l loon  was used  during EP I V  t o  s u p p o r t   t h e   t h i r d   a r r a y  of microphones. 
The ba l loon  w a s  flown t o  a he igh t  of 600 feet  and t h e   c a b l e  was anchored a t  a 
po in t  520 feet from t h e  reactor ( t w i c e   t h e   d i s t a n c e  of t h e  420-i‘oot tower) .  
Spher ica l   d ivergence  ( 6  dB loss i n   p re s su re   w i th   doub l ing   t he   d i s t ance )   bc tween  
comparable  points on t h e  two microphone arrays was t o  be t h e   c r i t e r i o n  t o  conclude 
whether  the  420-foot  tower was i n   t h e   f a r - f i e l d .  

A channel   and  t rol ley  assembly was i n s t a l l e d  on  each tower on t h e   s i d e  
f a c i n g   t h e  reactor t o  q u i d e   t h e   a r r a y  of microphones  while  they were raised or 
lowered.  This  arrangement  allowed a l l  p re -   and   pos t - ca l ib ra t ions   t o  be made a t  
ground  level.   Fig.  4 shows the   channel  on t h e  420-foot  tower. 

Ins t rumenta t ion  

A discuss ion  of the   i n s t rumen ta t ion   sys t em  tha t  was used i s  presented i n  
Appendix A .  Details are g iven   on   the   nuc lear   rad ia t ion  tests on  equipment,  and 
a d e s c r i p t i o n  i s  given  of  the  microphone  and accelerometer s igna l   and  power 
c i r c u i t s .  

Microphone  System.-  The select ion  of   microphones for  t h e  K I W I  B a c o u s t i c a l  
s tudy  was based  on  an  evaluation of the i r   pe r fo rmance   i n  a n u c l e a r   r a d i a t i o n  
f i e l d  and  considerat ion of t h e i r   t e c h n i c a l   s p e c i f i c a t i o n s .  The  microphones were 
mounted  on  microphone d i s t r i b u t i o n  boxes which, i n  t u r n ,  were bol ted t o   t r o l l e y s  
t h a t  were suppor t ed   i n   t he   channe l  by a f l e x i b l e  s teel  c a b l e  as shown i n  F ig : .  5 .  
The microphones on t h e  towers and the   concre te   pad  were pos i t i oned   ho r i zon ta l ly  
so t h a t   t h e   s o u n d   r a d i a t i n g  from any po in t   a long   t he  j e t  exhaust  would s t r i k e  
t h e  microphone d i a p h r a q  a t  grazina  incidence.   Thus,   correct ions  for   microphone 
d i r e c t i o n a l   c h a r a c t e r i s t i c s  were neg l ig ib l e .  Nose cones were used on a l l  
microphones. 

Both e lec t r ica l  c a l i b r a t i o n s ,  t o  measure  frequency  response,   and  acoustical  
c a l i b r a t i o n s ,  to e s t a b l i s h  a s e n s i t i v i t y   r e f e r e n c e   l e v e l ,  were made on a l l  
microphone  channels  before  and a f te r  each t e s t  excep t   t ha t   pos t - ca l ib ra t ions  
could   no t   be  made on t h e  microphones  used for t h e   b a l l o o n   a r r a y .  The e l e c t r i c a l  
c a l i b r a t i o n s  were recorded  on  tape by apply ing  1 v o l t  t o  the   ca thode   fo l lowers  
a t  the   f r equenc ie s   des i ana ted   i n   Tab le  I .  The a c o u s t i c a l   c a l i b r a t i o n s  were made 
by p l ac ing  a Pistonphone  over  the  microphone  cartridge  and  applyinR a known 
sound   p re s su re   l eve l  t o  t h e   d i a p h r a m   ( 1 2 4  d B  less the   co r rec t ion   fo r   ba romet r i c  
p re s su re ) .  The sens i t i v i ty ,   f r equency   r e sponse ,  and loca t ion   for   each  
microphone i n s t a l l e d  f o r  t h e  tests repor ted   here  are l i s t e d   i n   T a b l e s  I1 throuch V .  

A t  the   beginninu  and  conclusion of the   s tudy ,   the   microphone   cnr t r idges  
that   remained undamaged, o r  t h a t  were no t   r ad ioac t ive ,  h a d  t h e i r   p r e s s u r e  
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frequency  response  measured  using an e l e c t r o s t a t i c   a c t u a t o r .  The s e n s i t i v i t y  of 
t h e   c a r t r i d g e s  w a s  also checked  and  found t o   b e  unchanged. 

Accelerometer System.-  Measurements were made o f   t he   v ib ra to ry   r e sponse  of 
t h r e e  structures: t h e   e x t e r n a l   s h e l l  of t h e  LH2 Dewar nearest the   r eac to r ,   and  
two flat rec tangular   pane ls   p laced  30 feet and  130 feet from t h e   r e a c t o r .  An 
ana lys i s   o f   t he   v ib ra t ion   da t a  from the  accelerometers  mounted  on t h e  Dewar and 
the   pane l s  is  g i v e n   i n   t h e   s e c t i o n   o f   S t r u c t u r a l   S t u d i e s .  

The Dewar  s h e l l   r e s p o n s e  was measured  with  an Endevco  Model  22l5C. A 
microdot  cable,  wrapped  with aluminum fo i l ,   connec ted   t he   acce le romete r   t o  a 
b a t t e r y  powered t r ans i s to r i zed   cha rge   ampl i f i e r  which was 'pro tec ted  from nuclear  
and  thermal   radiat ion by a th ick   concre te  w a l l .  

The f la t  rec tangular   pane ls  were much c l o s e r   t o   t h e   r e a c t o r ,   a n d   r a d i a t i o n  
r e s i s t an t   S t a tham  s t r a in  gage  accelerometers,  Model TC A 5 1 4 ,  were used. The 
responses   o f   the  Dewar and panel are d i s c u s s e d   i n   t h e   s e c t i o n  on S t r u c t u r a l  
Studies   and  the  locat ion  of   the  accelerometers  are shown below. - L = 4 f t  .-I 

w = 2  

Recording  System.- The t ape   r eco rde r s   u sed   du r ing   t h i s   s tudy  were: 

Ampex CP-100's i n   t h e   d i r e c t  and FM record  nodes 
Ampex PR-lo's i n   t h e   d i r e c t   r e c o r d  mode. 

The performance  character is t ics   of   the   uni ts  are l i s ted  below. 
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Model Record 
Mode 

Tape 
Speed 

Frequency 
Response 

Ampex CP-100 FM 30 ips 20 CPS - 10 kc* 

Ampex CP-100 Di rec t  30 i p s  200-25 OOO* CPS 

Ampex  PR-10 Di rec t  7 1 / 2   i p s  40-20 OOO* CPS 

S i g n a l   t o  
Noise 

44 dl3 

30 dB 

50 dB 

i p s  = inches  per   second 

* = f requency   range   used   in   the   s tudy  

The t ape   r eco rde r s  were  operated  simultaneously by remote   cont ro l   in   the  
basement of t h e  Command P o s t ,  2 mi l e s   d i s t an t .  A remote ly   cont ro l led   t e lev is ion  
camera w a s  i n s t a l l e d  i n  t h e  basement of Test Cell C t o   p r o v i d e  a view o f   t he  
equipment  rack  (which  contained 1 4  monitor   osci l loscopes and t h e   p l a t e  and 
f i lament  power suppl ies   for   the   microphones)  and the   t ape   recorders .   See   F ig .  6. 
I n  add i t ion ,  two  audio  channels  were  used t o  monitor   the  recorded  s ignal  a t  t h e  
remote  control   point .   Thus,   both  visual  and a u r a l  methods were a v a i l a b l e   t o  
mon i to r   t he   s t a tus  of t h e  equipment  and t h e   s i g n a l   d u r i n g   t h e  power run. The 
m o n i t o r   f a c i l i t y  gave a means of   es t imat ing   s igna l   l eve l   dur ing   the   record ing  
and was he lp fu l   i n   de t e rmin ing   whe the r   t o   con t inue   t o   r eco rd  or t o   s t o p  and wait 
f o r  a "hold" t h a t  would a l l o w   r e - e n t r y   t o   t h e   t e s t   c e l l ,   o r   t o  wait f o r  a l a t e r  
flow. 

Playback  System.- The da ta   reduct ion   sys tems  used   in   the   s tudy  are indica ted  
in   F ig .  7. The osc i l lograph  was used t o  make visual  examination  of  the data, and 
t h e  Sanborn  system was used t o  make time h i s t o r y   p l o t s   ( e i t h e r   o v e r a l l   o r  i n  
one-third  octave  bands) .  The B & K system employed a tape  loop  (usual ly   10 
seconds  long)   that  w a s  s e l e c t e d  from t h e  most s t a b l e   p o r t i o n   o f   t h e   f u l l  power 
run .   Th i s   r educ t ion   r e su l t ed   i n   ove ra l l  SPL's  and 1/1 o r  1 /3  octave band p l o t s  
of  SPL. A l l  SPL's are r e f e r e n c e d   t o  0.0002 dynes/cm2. 

PERSONNEL INVOLVED I N  THE STUDY 

The P ro jec t  Manager of   the   s tudy  w a s  Mr. J. K .  Manhart. He w a s  respons ib le  
for   coord ina t ing   the   s tudy   requi rements   wi th  NASA and Los Alamos personnel  and 
f o r   a s s i g n i n g  and  reviewing  the  technical  work undertaken  by  Douglas  personnel. 

Four   engineers   f rom  Douglas   contr ibuted  great ly   to   the  s tudy:  
Mr. C a r r o l l  M. Ailman, M r .  James E. Apple, Mr. Samuel R .  Lane and M r .  A l a n  H .  Marsh. 
Mr. Ailman w a s  r e spons ib l e   fo r  much o f   t h e   a n a l y t i c a l   a n a l y s i s  and f o r   t h e   p a n e l  
r e sponse   and   co r re l a t ion   s tud ie s   t ha t   cou ld   be  accommodated wi th in   t he  
a u t h o r i z a t i o n   o f   t h i s   c o n t r a c t .  Mr. L a n e  w a s  r e spons ib l e   fo r  most o f   t he   da t a  
reduct ion and ana lys i s  and f o r  an  excel lent   s tudy  of   the  f low  condi t ions  of   the  
K I W I  B nozzle.  M r .  Apple was re spons ib l e   fo r   t he   i n s t rumen ta t ion  and t h e   f i e l d  
opera t ions .  Mr. Marsh was r e s p o n s i b l e   t o   t h e   P r o j e c t  Manager f o r   s p e c i a l   s t u d i e s  
and ac ted  as a consul tan t  whose t renchant  criticisms were highly  valued. 
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Professor   Alan  Powell ,   Engineer ing  Department ,   Universi ty   of   Cal i fornia ,  
Los Angelesi  w a s  used as a consu l t an t   t h roughou t   t h i s   s tudy .  He p a r t i c i p a t e d  
ac t ive ly   in   g roup   d i scuss ions   and   of fe red   va luable   t echnica l   gu idance .  

Severa l   o ra l   rev iews  were a l so   he ld   w i th  Mr. Harvey H. Hubbard, who w a s  t h e  
NASA Technica l   Moni tor   for   the   s tudy ,   and  Mr. John N. Cole,   of  the  Wright- 
Pa t t e r son  A i r  Force Base .  

D r .  Keith Boyer  of t h e  Los Alamos Sc ien t i f i c   Labora to r i e s ,   and   D i rec to r   o f  
the  K I W I  B Nuclear  Engine  Development, was ins t rumen ta l   i n   hav ing  t h e  a c o u s t i c a l  
study  approved. The t o t a l   s u p p o r t  t h a t  he  and h i s  staff gave t o  Douglas at t h e  
tes t  s i t e  was i n  a l a r g e   m e a s u r e   r e s p o n s i b l e   f o r   t h e   s a t i s f a c t o r y  accomplishment 
of the s tudy   ob jec t ives .  

COMPARISON  OF  SOLID CORE NUCLEAR AND CHEMICAL ROCKET ENGINES 

Understanding t h e  need   for  making  an acous t i ca l   s tudy   o f   t he  K I W I  B s o l i d  
core   nuc lear   rocke t   engine   requi res  some knowledge o f   t h e   b a s i c   d i f f e r e n c e s  
between t h e  nuclear   and  chemical-powered  rockets .   Pr imari ly ,   these  differences 
involve t h e  method t o   g e n e r a t e  and t r a n s f e r   h e a t   e n e r g v   t o  t h e  p rope l l an t  t h a t  
i s  r e q u i r e d   t o   p r o d u c e   u s e f u l   t h r u s t .  

The energy   for  a c h e m i c a l   r o c k e t   ( e i t h e r   l i q u i d   o r   s o l i d )  is  der ived from 
combustion  of a propel lant   and  an  oxidizer  must be   suppl ied .  The burning  of  
t h e  p rope l l en t  releases a la rge   quant i ty   o f   gas  which is a c c e l e r a t e d   i n   t h e   n o z z l e  
and  exhausted t o  p roduce   t h rus t .   I n   con t r a s t ,   t he   p rope l l an t   fo r   t he   nuc lea r  
rocket   provides   no  intr insic   energy i t se l f  b u t ,  as it passes   through  the  core ,  
it i s  heated by the   ene rgy   r e l eased   du r ing  t h e  con t ro l l ed   f i s s ion   p rocesses  
wi th in   t he   co re   o f  a nuc lea r   r eac to r .  The hea ted   (bu t   no t   burn ing)   p rope l lan t  
is  then  exhausted  through t h e  nozz le   i n  a similar manner as t h e  chemical   rocket ,  
and  ignited  and  burned  externally  during  ground tests. 

To maximize t h e   t h r u s t   p r o d u c e d   f o r  a given  weight   f low  of   propel lant ,   the  
propel lant   discharged  f rom a nozzle  must have as high  an  exhaust   veloci ty  as 
possible.   This  can be achieved best by us ing  a low molecular  weight  propellant 
h e a t e d   t o  a high  temperature.  The l ightest   molecule ,   pure   hydrogen,  i s  used i n  
t h e  nuc lear   rocke t   for   these   reasons .  No consideration  need be given t o  i t s  
combust ion  character is t ics   and  no  oxidizer  is  needed. 

A schematic   of  a so l id   core   nuc lear   rocke t  is  g iven   i n   F ig .  8. I ts  p r i n c i p a l  
components are t h e   r e a c t o r ,  which c o n s i s t s   o f  a uranium-loaded  graphite  core,  a 
neu t ron   r e f l ec to r ,  a p r e s s u r e   s h e l l ,  a nozz le ,  and a propel lant-feed turbopump 
which pumps t h e  l iquid  hydrogen  from a cryogenic  vacuum-insulated  storage  tank 
(Dewar). The l iquid  hydrogen i s  pumped from t h e  Dewar and  ducted t o   t h e   n o z z l e  
manifold  through t h e  double walls to   r egene ra t ive ly   coo l  t h e  nozzle  and t h e  
r e f l e c t o r .  The hydrogen  next  flows  through  the many tube- l ike   passages   o f   the  

i 
Now with  the  David  Taylor Model Basin,  Washington, D .C. 
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reac tor   core  where it i s  h e a t e d   t o  a very  high  temperature  and  then  accelerated 
through  the   nozz le   to   p roduce  t h r u s t .  A hot-bleed  cycle   extracts  8 s m a l l  
amount of  heated  hydrogen t o   d r i v e  a tu rb ine   wh ich ,   i n   t u rn ,   d r ives   t he   l i qu id  
hydrogen  turbopump. 

Thus, i n  comparing the  performance of nuc lear   rocke ts   to   chemica l   rocke ts ,  
w e  see, fo r   t he   nuc lea r   rocke t ,   t ha t   t he   exhaus t   ve loc i ty   o f  t h e  propel lan t  is  
much higher  and the  molec-ular  weight i s  much lower   and ,   thus ,   the   spec i f ic  
impulse i s  much g r e a t e r   t h a n  any chemical  rocket  can  ever  achieve.   Also,   the 
propel lan t  i s  i g n i t e d  and  burned  externally  during tests i n   t h e  atmosphere. 
Since so many c h a r a c t e r i s t i c s   o f   t h e   r a d i a t e d   s o u n d   f i e l d   a r e   v e l o c i t y   a n d / o r  
density  dependent,  a s tudy   of  t h e  noise   genera ted  by a nuclear   rocket   exhaust  
should   cont r ibu te  materially t o   s t u d i e s   o f  j e t  exhaust  noise.  

DISCUSSION OF THE EXPERIMENTAL  ACCOMPLISHMENTS 

The data p resen ted   i n   t h i s   s tudy   a r e  from  two power runs (NP I V  and EP V) 
and  four  reactor  cold  f low tests.  While every   reasonable   e f for t  w a s  made t o  
ob ta in   va l id   acous t i ca l   da t a ,   t he   s tudy  w a s  conduc ted   i n   t he   f i e ld  as a 
secondary   ob jec t ive   t o   t he  development  of  an  operable  reactor, and some 
r e s t r i c t i o n s   o f   t h e   a c o u s t i c a l   s t u d y  were  necessary. With t h e s e   l i m i t a t i o n s ,  
the   s tudy  w i l l  r epor t  on the :  

Des ign ,   i n s t a l l a t ion ,  and  operation  of  an  instrumentation  system  to 
. measure  near-  and  far-field  sound  pressure  levels  (SPL's)  generated by 

t h e  K I W I  B exhaust 

0 Descript ion  of   the  f low  parameters   of   the  KIWI B exhaust 

0 Calculat ion  of   the  radiated  sound power 

Di s t r ibu t ion   o f  sound  sources   a long   the   j e t  

0 D i r e c t i o n a l   c h a r a c t e r i s t i c s  i n  t h e   f a r - f i e l d  as a func t ion  of frequency 

0 R e l a t i o n   o f   t h e   a c o u s t i c a l   c h a r a c t e r i s t i c s   t o   t h e   f l o w   p a r a m e t e r s   o f   t h e  
K I W I  B exhaust and t o   o t h e r  j e t  sources 

0 Calculat ion  of   the  conversion  eff ic iency from  mechanical stream power t o  
radiated  sound power 

Es t imat ion   of   the   cont r ibu t ion   of   the   no ise   genera ted  by burning  hydrogen 
t o   t h e   r a d i a t e d   s o u n d   f i e l d  

0 Distr ibut ion  of   instantaneous  peak  pressures   in   the  near-f ie ld .  

0 Space-time cross c o r r e l a t i o n   c h a r a c t e r i s t i c s   o f   t h e   a c o u s t i c   n e a r - f i e l d .  
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DATA REDUCTION 

Th i s   s ec t ion   d i scusses   t he   va r ious  data reduction  techniques  used  during 
t h i s   s t u d y .  

For  each EP and the  high  f low tes t  (one   o f   the  CF tes ts) ,  two t apes  were 
obtained fqom each  tape  recorder;  one contained  pre-  and  post-calibration signals, 
and   the   o ther   the   da ta   s igna ls .  The ca l ibra t ion   tape   p rovided  a means t o  
determine  the  frequency  response and sens i t i v i ty   o f   each  data analysis   channel .  
Comparison of   the   p re-  and pos t - ca l ib ra t ions ,   p lus   t he   qua l i f i ca t ion  tests o f   t he  
microphones  and  microphone  boxes i n  an  environment  of  nuclear  radiation,  gave 
some assurance t h a t  t h e  sens i t i v i ty   o f   t he   r eco rd ing   sys t em  d id   no t  change 
throughout t h e  test. Thus, t he   f r equency   r e sponse ,   s ens i t i v i ty ,  and s t a b i l i t y  
were e s t ab l i shed   fo r   each  data channel  from  the  microphone t o   t h e  meter o r  
graphic   l eve l   recorder   o f   the  data reduction  system. The data reduction  systems 
are shown i n  Fig.  7 and t h e  techniques  used are described  below. 

Visua l   Evalua t ion   of   the  Data 

Osci l lograph  t races  were made of the   ove ra l l   s igna l   ve r sus   t ime   fo r   each  
recorded  channel so  t h a t  data   qual i ty   could  be  assessed.  Such condi t ions as 
d ropou t s ,   e l ec t r i ca l   no i se ,   ove rd r iv ing   (peak   c l ipp ing ) ,   o r   sys t em  f a i lu re   cou ld  
be  observed  by  examination  of  these  traces. 

Sound Power Levels 

A computer  program was used to   ob ta in   sound  power l e v e l s  from t h e  sound 
pressure   l eve ls .  The sound f i e ld  was assumed t o  be  hemispherical  and 
symmetrical   about  the  axis of t h e  j e t  exhaust.  The measured  SPL's  were  corrected 
f o r   d i s t a n c e   t o  a hemisphere  having a rad ius  of 350 f e e t  and centered a t  t h e  
nozzle.  

The cor rec ted  SPL's a re   conve r t ed   t o  an i n t e n s i t y  which is mult ip l ied  by 
t h e  area of   the   appropr ia te  zone (see Appendix B )  t o   g i v e  t h e  sound power 
radiated  through t h a t  zone. The t o t a l   r a d i a t e d   s o u n d  power i n  watts is t h e  sum 
of t h e  power passing  through a l l  of the   zones .  

Power Spec t ra l   Dens i ty   P lo ts  

Some d i g i t a l  power s p e c t r a l   d e n s i t y  (PSD) p l o t s  were made during  the  s tudy.  
These p l o t s   i n d i c a t e   t h e  amount of  power i n  a 1 cycle  per  second  band at any 
frequency  within  the limits o f  the system, and are u s e f u l   f o r   s t r u c t u r a l   a n a l y s e s .  
Each PSD w a s  obtained  by  taking  the  Fourier   t ransform  of  the au tocorre la t ion   o f  
the pressure  funct ion (see co r re l a t ion   ca l cu la t ions   s ec t ion  below f o r  a descr ip-  
t i o n   o f   t h e   s t a t i s t i c a l  time averaging  technique--assuming  the  function t o   b e  
both  s ta t ionary  and  ergodic--by  which  the  autocorrelat ion is  c a l c u l a t e d ) .  
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Hence, a PSD, o r  9 (y), is defined as 

A + -  

where JI ( t )  = t he   au tocor re l a t ion  of the   p re s su re   func t ion  

a n d j  = fl 

Reactor Data and  Field  Support  

For  each  gas  flow, LASL provided  Douglas  with  str ip  charts  showing time 
histories  of  such  engine  parameters as propel lant   f low rated, temperatures ,  
pressures ,   f low  prof i les ,   e tc .   In   addi t ion,   environmental  data, t iming   s igna l s ,  
and  photographic  coverap;e were a l so   ob ta ined .  Table V I  l ists  t h e  wind condi t ions ,  
air temperature,   and  relative  hiunidity  for  each test .  

Vibrat ion Data 

The reduct ion  of   measured  accelerat ion  levels   used  both  osci l lograph  display 
( to   obse rve  data q u a l i t y )  and d i g i t a l  PSD techniques as discussed  above. 

Correlat ion  Calculat ions 

The measured nea r - f i e ld   acous t i ca l  data r e s u l t i n g  from t h e  f i r i n g   o f  t h e  
K I W I  B nuclear   engine w a s  p rocessed   d ig i ta l ly  t o  provide  space- t ime  correlat ion 
information. The cross-correlation  between two s t a t i o n a r y  random s igna l s  f l ( t )  
and f 2 ( t )  i s  expressed as: 

S imi l a r ly ,  t h e  au to -co r re l a t ion   fo r  e i ther  of these two  functions is: 

The computer  program  used t o  produce these $ funct ions  performs  the  fol lowing 
operat ions : 

1. Delay   the   s igna l  by a known time d i f f e r e n c e   e q u a l   t o  T ( t h e  lag time) 

2. Multiply t h e  amplitude  of  the two s igna ls   toge ther   and  
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3.  Average the   ins tan taneous   ampl i tude   p roducts   over   the   sampl ing  time. 

As the  procedure is  r epea ted   fo r   va r ious   va lues  of T, t h e   c r o s s - c o r r e l a t i o n  
values ,  as a func t ion   of  time, result. By means of   the   fo l lowing   Four ie r  
t r ans fo rm  pa i r s ,   c ros s -power   spec t r a l   dens i t i e s   o f   t he  two  random s i g n a l s   a r e  
obtained:  

In   t he  K I W I  B s tudy ,   the   c ross -power   spec t ra l   dens i ty  ( a  complex  number) 

is  presented   in  terms of  $12(u) = 19 / e J e  where the   abso lu t e   va lue   o f  +,, equals  12  
the   square   roo t   o f   the  sum of   the  squares   of  tne r e a l  and imaginary   par t s  

2 
14121 = [Rel2 + 112 2]1/2 and €I is e q u a l   t o   t h e   a r c   t a n g e n t   o f   t h e   r a t i o   o f   t h e  
imaginary  par t   over   the real p a r t  ( 8 = a r c   t a n  I12/Re12). 

Because t h e  relative phase  difference  should  be  negl igible   between  channels  
used t o   o b t a i n   c o r r e l a t i o n   d a t a ,   c a l i b r a t i o n   s i g n a l s  at closely  spaced  f requency 
in t e rva l s   (Tab le  I )  were  appl ied  s imultaneously  to   channels   intended  for   cross-  
c o r r e l a t i o n   s t u d i e s .  The s i g n a l  was a p p l i e d   d i r e c t l y   t o   t h e   c a t h o d e   f o l l o w e r s   o f  
each  correlat ion  group.   Thus,   the   phase  shif t   of   the   complete  data a c q u i s i t i o n  
and data  reduction  system  could  be  measured. The phase s h i f t  of   the   l /h- inch B 
and K microphone was not   included i n  t h i s   c a l i b r a t i o n ,   b u t   l a b o r a t o r y  measurements 
show t h e   p h a s e   s h i f t   o f   t h e   c a r t r i d g e  below 2000 c p s   t o   b e  small. The r e s u l t s  of 
t h e   c a l i b r a t i o n s  be tween  channels   used   in   c ross -cor re la t ions   in   th i s   s tudy   (whi le  
n o t   i d e a l ,   i . e . ,   z e r o   p h a s e   s h i f t  a t  a l l  f r e q u e n c i e s ) ,  are cons idered   to le rab le  
for   the   accuracy   involved   here .  

DISCUSSION OF EXHAUST  FLOW VELOCITY 

The K I W I  B exhaust  nozzle  had a convergent-divergent  optimized  bell-shaped 
contour  with a nominal   expans ion   ra t io   (nozz le   ex i t  area t o   t h r o a t  area) of  12.  
The area r a t i o   s e l e c t e d  compromised t h e  most e f f i c i e n t   e x p a n s i o n   r a t i o   t o   o b t a i n  
adequate   regenera t ive   cool ing   of   the   nozz le   th roa t .   For  a weight  f low  required 
fo r   des ign   t h rus t ,   t he   exhaus t  w i l l  be  overexpanded ( i . e . ,  t h e   s t a t i c   p r e s s u r e  
a t  t h e   e x i t  is  less   than   the   ambient   p ressure   o f   12 .7   ps ia  a t  3800 f e e t  
e l e v a t i o n ) .  

On l eav ing   t he   nozz le ,   t he   s t a t i c   p re s su re   i n   t he   exhaus t  stream inc reases  
t o  a pressure  approaching  the  ambient   pressure  and  the  f low  veloci ty   decreases  
accordingly.   In  the  f low  (downstream  of  the  nozzle  exit)   where  ambient  pressure 
is  reached ,   the   f low  ve loc i ty  is designated V ( t h e   e q u i v a l e n t   v e l o c i t y )  and t h e  
thrust   developed i s  the   p roduc t   o f   t he  mass flow (G/g) and Veq. eq 
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The mechanical power of   the  exhaust   f low is ob ta ined   f rom  the   r e l a t ion  

Mechanical Power (Wm) = 0.678 FV ( w a t t s )  

where V ( the   exhaus t   ve loc i ty )   shou ld   be   spec i f i ed  as V r a t h e r   t h a n  Vexit ( t h e  
v e l o c i t y  a t  the   nozz le  e x i t  p l a n e ) ,   s i n c e  V is p r o p o r t l o n a l   t o   t h e   t h r u s t  F. e9 ' 

eq 

d a t a  
flow 

A v a l u e   f o r  Ve w a s  computed for   each  maximum s t a b i l i z e d  gas flow. The 
r e q u i r e d   f o r   c a q c u l a t i n g  V were suppl ied  by LASL, and  included  the  gas  
rate,  t h e  plenum pressure  and  temperature   data .  T h i s  informat-ion i s  

summarized i n   T a b l e  V I 1  and t h e   c l a s s i f i e d   a p p e n d i x   t o   t h i s   r e p o r t .   T h e s e   d a t a  
were used   wi th   the   s tandard   equat ions   for   one-d imens iona l   compress ib le   f low  to  
ca lcu la te   f low  parameters   across   the   nozz le   th roa t   and   the   ex i t .   In   addi t ion ,  
s ince   t he   f l ow  cond i t ions  a t  t h e  e x i t  can   be   descr ibed   in  terms of  one-dimensional 
and  three-dimensional   f low  regions,   the  exit  f low  pa rame te r s   fo r   t he   t h ree -  
dimensional   condi t ion were a l so   ca l cu la t ed   u s ing  estimates f o r   t h e   t h r e e -  
dimensional   nozzle   pressure  ra t io   and  nozzle  w a l l  s e p a r a t i o n   p r e s s u r e   r a t i o  
suppl ied  by the   nozz le   des igner* .   Thus ,   va lues   for  Veq were ca l cu la t ed   fo r   bo th  
one-dimensional  and  three-dimensional  flow  conditions. The accuracy  of   the 
va lue   o f  V based upon the   f l ow  da t a   p rov ided  by LASL, is  5 1 0  percent .  

eq 

eq ' 
A d e s c r i p t i o n   o f   t h e  method used  t o   c a l c u l a t e   e q u i v a l e n t   e x h a u s t   v e l o c i t i e s  

i s  g iven   i n  Appendix C .  

SW4E4ARY OF  ACOUSTICAL  TEST ACTIVITIES 

Cor rec t ed   acous t i ca l   da t a  from EP 's  I ,  11, 111, a s p e c i a l  high-flow gas 
t e s t ,  and E P ' s  I V  and V are presented   in   Tables  Xa through X j. The f i r s t  t h ree  
E P ' s  were cold flows of  gaseous  nitrogen (GNz), gaseous  hydrogen ( G H 2 )  and 
l i q u i d  hydrogen ( L H 2 )  a t  var ious  weight   f lows.  The high  f low  tes t   used 
gaseous  hydrogen  and  gaseous  helium  (We). E P ' s  I V  and V used LH2 as t h e  
p rope l l an t .  

For EP 's  I ,  I1 and 111, and t h e  part-power  holds.  of %P I V  and V t h e  cas 
flows  generally were t o o  low t o   c a l c u l a t e   e x i t   v e l o c i t i e s   a c c u r a t e l y   a n d ,  
t he re fo re ,   on ly  a few direct   comparisons can be made o f   t h e   a c o u s t i c a l  d a t a .  
However, t h e   a c o u s t i c a l   d a t a   f r o m   t h e  two hot t e s t s  (EP's I V  and V) showed good 
repea tab i l i t y   fo r   t he   fu l l -power   po r t ion   o f   t he   runs .  

On 0 August 1963, s imulated  nozzle  t es t s  were conducted.  See F i g .  1. On 
21  August 1963, the  propel lant   f lowed  through  both an  unloaded  core  and a 
nozz le .   For   these  two  1963 tests,  the  propel lant   f lows were programmed f o r  
s tepped  and/or  ramp flow time h i s t o r i e s  as ind ica t ed  below  (only  data  from  the 

3 
P r i v a t e  communication  from Mr. Stassinos  of  Rocketdyne. 



two h i g h e s t   f l o w s   o f   t h e   s t e p   o r  ramp p r o f i l e  were ana lyzed   fo r   acous t i ca l  
data). 

.................... ....... 

t 
RAMP FLOW 

t 
STEP FLOW 

............. .............. ........... ............ :.: ...................... _,, I n t e r v a l   s e l e c t e d   f o r  data ana lys i s  

ir = Propellant  weight  f low 

t = Time  

On 9 January 1964, LASL conducted a spec ia l   gas   f l ow  fo r   t he   acous t i ca l  
s tudy.  The pressure  she l l  and p ip ing  were modified t o  reduce  f low  res is tance 
as much as p o s s i b l e   t o   e n s u r e  maximum GH2 and CHe gas  f lows  through  the  nozzle.  
It was planned t o  have  high  flows  of  gaseous  hydrogen w i t h  and  without   igni t ion 
downstream t o   p r o v i d e  data i n d i c a t i n g   t h e   c o n t r i b u t i o n   o f   b u r n i n g   t o  t h e  no i se  
f i e l d .  However, t h e  flow of unburned  hydrogen  caused a seve re   v ib ra t ion  t h a t  
a f f e c t e d  a l l  instrumentation  channels,   and  spontaneous  detonation  of  the  exhaust 
occurred af ter  approximately 8 seconds  of flow. All inst rumentat ion  channels  
were d isab led  f o r   t h a t   t e s t .  

Acous t ica l  data were t aken   fo r  a l l  EP's , and v i b r a t i o n  data were recorded 
f o r  two o f   t h e   t e s t s .  A t abu la t ion   o f  t h e  p re s su re  and acce le ra t ion   s enso r s  
used  during  each t e s t ,  and t h e i r  i d e n t i f i c a t i o n ,  is g i v e n   i n  Tables I1 t o  V 
(see Fig.  9 for   geometr ica l   loca t ion   of   each   sensor ) .  All measured data were 
cor rec ted   for   record ing-channel   f requency   response ,   a t tenuator   se t t ings ,   and  
data reduct ion f i l t e r  co r rec t ions .  The data also  were  averaged  over  short-t ime 
i n t e r v a l s   d u r i n g   s e l e c t e d   p e r i o d s   o f  t h e  run  where t h e  data appeared t o  be 
s ta t ionary .   Therefore ,   on ly   cor rec ted  data are presented ,  and t h e  sound 
p r e s s u r e   l e v e l s   ( i n  dB re 0.0002  dynes/cm2) and a c c e l e r a t i o n   l e v e l s  are 
a c c u r a t e   f o r   t h e   d e s i g n a t e d   p o s i t i o n s   i n   s p a c e   f o r  t h e  f low  condi t ions 
spec i f i ed .  

A summary o f   t h e   a c o u s t i c a l   a c t i v i t i e s  i s  presented  below  and the  measured 
SPL's are given  in   Table  X. 
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I 

EP o r  
Test 

I 

11, I11 

H i g h  Flow 
Test 

I V  

V 

Date 
- 

8-8-63 

8-21-63 

1-9-64 

5-13-64 

8-28-64 

Flow 
Condition 

Cold 

Cold 

Cold 

Hot. 

Hot 

Propel lan t  Flow Rate 
l b / s e c  

GIJ2 85 & 69 
/ 
LH2 I35 

GH2 24 
/ 
GN2 '43 & 52 

GH2 100 

'GHe 1130 

LH2 69 

LH2  69 

Gas Ex i t  
Veloc i ty  

f t  / sec  

Not 
Calculated 

Not 
Calculated 

7600 

'4950 

20  600 

22 100 

Thrust 
i n  l b s  

Not 
Calculated 

Not 
Calculated 

16 Goo 
'1% 400 

38 300 

4 1  750 

DISCUSSION OF MEASURED  ACOUSTICAL DATA 

Comparison  of  Gaseous  Nitrogen  Flows 

Gaseous n i t rogen  w a s  expelled  through a simulated nozzle  (EP-I)  and  the 
b e l l   n o z z l e  (EP-11) at comparable  weight  flows. Though it i s  d i f f i c u l t   t o  
calculate t h e  two exhaust   veloci t ies   or   other   f low  parameters ,   the   overal l  SPL's  
have  been  compared in   F ig .  10. The o v e r a l l  SPL's from the  s imulated  nozzles   are  
s l i gh t ly   h ighe r .  The cause(s )   o f   the   d i f fe rence(s )   have   no t   been   es tab l i shed .  

Comparison of Spec t r a  from  Helium  and  Hydrogen  Cold Flow Tes ts  

Fig. 11 compares t h e  sound s p e c t r a  at t h e  same microphone  locations  for 
d i f f e r ing   exhaus t   ve loc i t i e s ,   eng ine   cond i t ions ,   gas ,  and core   condi t ions .  A s  
can  be  seen,   the   octave  band  spectra   tend  to  be broad  and f l a t   f o r  a l l  gases 
except  helium  which  peaks i n   t h e   t h i r d   o c t a v e  band  and gene ra l ly  shows l e s s  
high  frequency  energy.  This is probably due t o   t h e   l o w e r   e x h a u s t   v e l o c i t i e s   f o r  
the  helium  flow.  For a l l  t h e  hydrogen  gas tests (except  the  unburned  hydrogen 
f l o w ) ,   i g n i t i o n   o f   t h e   g a s  was accomplished  by a propane  torch  placed downstream 
of   the  nozzle   exi t   p lane.   Thus,   the   turbulent   combust ion i s  itself a source  of 
n o i s e ,  and t h e   q u e s t i o n  must be  considered  whether  the  combustion  noise 
s ign i f i can t ly   con t r ibu ted   t o   t he   ove ra l l   sound   f i e ld   gene ra t ed  by t h e   j e t  
exhaust. 

To i n v e s t i g a t e   t h i s ,   t h e  SPL's  (Fig. 11) and t h e  PWL's (Fig.  1 5 )  from t h e  
helium  and  hydrogen  flows  have  been  examined.  The  overall  sound power l e v e l  
(OAPWL) generated  by  the  helium  flow was s l i g h t l y  greater t h a n   t h e  OAPWL f o r   t h e  
hydrogen  flow.  This would seem t o  be unusual   s ince  (a l though  the  weight   f low  of  
t h e  two  gases were comparable)  the  velocity,   thrust   and  mechanical stream power 
were s i g n i f i c a n t l y  less f o r   t h e   h e l i u m  tes t  and t h i s  would o r d i n a r i l y   r e s u l t   i n  
a lower sound power l e v e l .  However, the  density  of  the '   hydrogen  exhaust (refer 



t o  Table V I I )  was less t h a n   h a l f  t ha t  of  the he l ium  exhaus t .   This   ind ica tes   tha t  
the e f f i c i ency   i n   gene ra t ing   sound  power i s  less f o r  hydrogen   than   for   the  
helium exhaust having  higher   densi ty .  

On the   o the r   hand ,   s ince   t he   exhaus t   ve loc i ty   o f   t he   he l ium  f low w a s  lower,  
the  helium  sound  pressure  levels  should  have  been  lower  (assuming a sound power 
dependence on v e l o c i t y   r a i s e d   t o  some pos i t ive   exponent ) .  The hydrogen SPL's 
should  also  have  been  higher i f  t h e  combustion  of the hydrogen  gas  contributed 
m a t e r i a l l y   t o   t h e   s o u n d   f i e l d .  However the  hydrogen SPL's were only  higher  below 
150  cps. 

The data acqu i red   du r ing   t h i s   s tudy  are i n s u f f i c i e n t   t o  make any f i rm 
conclus ions ,   bu t   t en ta t ive   sugges t ions   a re :  

0 The burn ing   process   in  t h e  hydrogen   exhaus t   cont r ibu ted   s ign i f icant ly   to  
t h e  radiated sound f i e l d   o n l y  below 150 cps,   and 

0 The conversion  eff ic iency  in   generat ing  sound  energy i s  lawer f o r  a 
hydrogen  exhaust   than  for   other   higher   densi ty   exhausts .  

Determination  of Near- and  Far-Field L i m i t  

To determine t h e  limit of   the   acous t ic   near -   and   fa r - f ie ld   o f   the  K I W I  B 
engine,  three v e r t i c a l   a r r a y s   o f  microphones were used  during  the 1 3  May 1964 hot  
f i r i n g .  The a r r a y   f a r t h e s t  from t h e   r e a c t o r  had t o   b e   p a r t i c u l a r l y   h i g h  so  t h a t  
an   apprec iab le   por t ion   o f   the  radiated sound f i e ld  could  be  covered.  For  that  
reason ,   the   ba l loon  w a s  flown t o  an a l t i t u d e   o f  600 feet. Though the   pos i t i on   o f  
t h e  bal loon was very stable dur ing  the  power r u n ,   t h e   d a t a  from t h e  bal loon 
microphones showed cons iderable   f luc tua t ion  (+ 5 dB). IJo re la t ion   has   been  
e s t a b l i s h e d  between f l u c t u a t i o n s   i n  wind ve loc i ty   ( speed   o r   d i r ec t ion )   and  data 
f l u c t u a t i o n s   s i n c e   t h e  wind f l u c t u a t i o n s  had a per iod  of   about  one  minute  and 
t h e  data v a r i a t i o n s  had a per iod  of  approximately  four  seconds.  However, t h i s  
may be due t o   t h e  slow  response  of  the wind measuring  system  (the higher  
f requency   f luc tua t ions   no t   be ing   recorded) .  An i n d i c a t i o n   t h a t  it was heat- 
genera ted   tu rbulence  is given  by t h e  magnitude  of t he  SPL f luc tua t ions   versus  
microphone  elevation.  Those  microphones at t h e  ex t remi t ies   o f  t h e  cab le   ( c lose  
t o   t h e  ground o r   b a l l o o n )  showed t h e  least  amount of d i s tu rbance   (be ing   f a r thes t  
from the   cen te r   o f   bu rn ing )  whereas those  microphone  positions  near t h e  cen te r  
o f   t he   cab le  showed t h e  g rea t e s t   p re s su re   f l uc tua t ions .  

The SPL's measured  during EP I V  on t h e  t h r e e  microphone a r r ays  were 
examined t o   d e f i n e  t h e  sound f i e ld ;  i . e . ,  t he   nea r - f i e ld ,  where t h e  f l u c t u a t i n g  
pressures  are caused  by  sound  waves,  but a simple  source  cannot be assumed and 
spher ica l   d ivergence   losses  are n o t   y e t   i n   e f f e c t ;  and t h e   f a r - f i e l d  where t h e  
sou rce   appea r s   t o   be   l oca l i zed   i n   space  and   p re s su re   f a l l s   o f f   i nve r se ly  w i t h  
t he   r ad ius .  The KIWI B acous t i ca l   da t a   i nd ica t ed  t h a t  t he   nea r - f i e ld   ex t ends   t o  
about 250 feet from the  engine.  The l a rge   ex ten t   o f   t he   nea r - f i e ld  may be 
p a r t i a l l y  due to   t he   hea t   a s soc ia t ed   w i th   t he   bu rn ing  hydrogen  which  increases 
the  speed  of  sound and causes   r e f r ac t ion .  
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Fig.   12 compares t h e  OASPL's t o  ind ica t e   whe the r   t he   l a rge  tower can  be 
c o n s i d e r e d   i n   t h e  far f ie ld .  D i s t r i b u t i o n   o f  SPL's along  the  microphone  arrays 
were made and  the  difference  between t w o  po in t s   a long  a given  radius   has   been 
compared w i t h   t h e  value o f   20   l og  S /S where S1 i s  the   d i s t ance   f rom  the   sou rce  
t o   t h e   b a l l o o n  microphone and S1 i s  t h e   s l a n t   d i s t a n c e   t o   t h e  420-foot  tower. 

1 2  

The approximate 6 dB loss   in   sound  pressure  between  the  420-foot   tower   and 
ba l loon   a r r ays   g ives   r ea sonab le   a s su rance   t ha t   t he   l a rge   t ower  is  i n   t h e  far- 
f i e l d .  A d i s c u s s i o n ,   p r e s e n t e d   i n   t h e   s e c t i o n  on Discussion  of K I W I  B Acoust ical  
C h a r a c t e r i s t i c s  (Space-Time C o r r e l a t i o n   C a l c u l a t i o n s )   i n d i c a t e s   t h a t   t h e  
g e n e r a l i z e d   o r i g i n   o f   t h e  sound source is  est imated t o  be 40 feet  downstream  of 
t h e   n o z z l e   e x i t   p l a n e .  The i l l u s t r a t i o n   ( F i g .   1 2 )   u s e s   t h i s   p o i n t   f o r   t h e   o r i g i n  
of t h e   r a d i i .  

Discussion  of  Contours  of  Equal Sound Pressure  Levels 

Contours  of  equal  SPL's are p resen ted   i n   F igs .   13a   t o   13h   t o  show t h e  
d i s t r ibu t ion   o f   sound   p re s su res   a round   t he  K I W I  B during a power run. The contours 
i n d i c a t e   t h a t   t h e   r e g i o n   o f  maximum s o u n d   r a d i a t i o n   i n   f r e q u e n c y   i n t e r v a l s   s h i f t s  
c l o s e r   t o   t h e   n o z z l e  as the   f requency   increases .  A l s o ,  t h e  wind cur ren ts   and/or  
turbulence  generated by the   hea t   f rom  the   exhaus t   appear   to   in f luence   the  
p r e s s u r e   f i e l d   i n   t h e   h i g h   f r e q u e n c i e s .  

Observation  of  motion  pictures  showing  the'burning  exhaust  reveals a wildly 
f l u c t u a t i n g  random motion  of  pockets  of  burning hydrogen gas   in   the   upper   ha l f   o f  
t h e  plume. This phenomenon o f f e r s  a p l aus ib l e   exp lana t ion   o f  some o f   t h e  
anomal i e s   s een   i n   t he   d i r ec t iv i ty   pa t t e rns   and   i n   t he   f l uc tua t ions   i n   p re s su re  
a t  some microphone  posit ions.  

Discussion  of   Probable   Error  

The SPL's u t i l i z e d   f o r   d i s c u s s i o n s   a n d   c a l c u l a t i o n s   i n   t h i s   r e p o r t  are 
s u b j e c t   t o   t h e   f o l l o w i n g  estimated e r r o r s :   E l e c t r i c a l   c a l i b r a t i o n s   o f   e a c h  
channel are a c c u r a t e   t o  z 0.2 dB. The v i s u a l   i n t e r p r e t a t i o n  of most o f   t h e  data 
amplitude i s  a c c u r a t e   t o  1 .0  dB excep t   i n   i n s t ances   o f  time averaging  (which 
are discussed  elsewhere)  and low frequency data. Data r educ t ion   co r rec t ions  are 
o n l y   r e a d   t o   t h e   n e a r e s t  dB s o  t h e   e r r o r  is  p r o b a b l y   c l o s e   t o  2 0.75 dB. The 
a c o u s t i c a l   c a l i b r a t i o n  i s  co r rec t ed   fo r   ba romet r i c   p re s su re   ( a l t i t ude   o the r   t han  
sea l eve l )   and   i n t roduced  2 0.2 dB e r r o r .  Rounding o f f  SPL v a l u e s   r e s u l t s   i n  
another  2 0.5 dB. 

The p robab le   e r ro r  i s ,  t h e r e f o r e ,   t a k e n   t o  be 

E = d0.04 + 1 .0  + 0.56 + 0.04 + 0.25 

f o r  all frequency  bands  above  100  cycles  per  second. Below t h a t ,   t h e   i n s t a b i l i t y  
o f   t h e   d a t a   i n c r e a s e s   t h e   p r o b a b l e  error t o  5 2 dB. 



Photographic  Coverage 

Motion p ic tures   and  s t i l l  photographic  coverage.were  furnished  by LASL 
th roughout   th i s  study. Both co lo r   and   i n f r a red  films were  found t o  be   usefu l  
t o   o b t a i n   d e t a i l s   o f   t h e   e x h a u s t   s t r u c t u r e .   F i g .  1 4  i s  an infrared  photograph 
taken   dur ing   the   fu l l -power   por t ion   o f   the  KIWI  B-4E (EP VI. 

The i n f r a r e d  f i l m  has  approximately a l i n e a r  r e l a t i o n  between  image 
br ightness   and  the  heat   radiated  f rom a source.   Fig.  1 4  shows t h a t   t h e  
tempera ture   o f   the   p rope l lan t   increases  due t o  combustion  downstream  of  the  nozzle 
and t h e  maximum temperature   and  largest  area of  turbulent  combustion  occur  about 
150 f e e t  downstream. One would  expect t h i s   r e g i o n   t o   b e   t h e   s o u r c e   o f   g r e a t e s t  
generation  of  sound  energy due t o  combustion ( i . e . ,  below  150  cps). 

The extended  length  of   the  exhaust  is  a l so   qu i te   apparent   and   the   burn ing  
exhaust  extends  to  approximately 250 feet  (g iv ing   an   L /d   ra t io   o f   approximate ly  
100). 

Where 
L = l eng th   o f  plume 

d = exi t   d iameter   of   nozzle  

DISCUSSION OF K I W I  B ACOUSTICAL  C€IARACTERISTICS 

Th i s   s ec t ion   d i scusses   t he   ca l cu la t ions  made with  the  measured  sound 
p r e s s u r e s ,   d e s c r i b e s   t h e   r e s u l t s   o b t a i n e d ,   a n d   r e l a t e s  them t o   t h e   f l o w  
parameters  of t h e  K I W I  B exhaust  and  of  other  rocket  data.  The a c o u s t i c a l  
charac te r i s t ics   d i scussed   in   the   fo l lowing   sec t ions   inc lude   overa l l   sound  power ,  
sound power spectra,   efficiency  of  conversion  from  mechanical  stream power t o  
sound  power, d i r ec t iv i ty   o f   t he   r ad ia t ion   sound   f i e ld ,   and   p lo t s   o f   t he   space -  
t ime   co r re l a t ion  of t h e  sound f i e l d .  

Sound  Power Levels 

The sound power spectrum  and  the  overall   sound power a re   impor tan t   acous t ica l  
c h a r a c t e r i s t i c s   o f  any no i se   sou rce .   In   t he   s tudy   o f  t h e  noise   generated  by  the 
exhaust  from  the K I W I  B nuclear   rocket   engine  (during  both  cold-   and  hot-f low 
t e s t s ) ,  the  sound power l e v e l s  were c a l c u l a t e d  i n  one-third  octave  bands  using 
the  sound  pressure  levels   measured a t  t h e  microphone  posit ions  on  the  420-foot 
tower  and  balloon  arrays. The 1/3 octave  band  sound power levels   were summed 
t o   o b t a i n   o c t a v e  band  power leve ls .   These  data are p resen ted   i n   F ig .  1 5  and 
i n d i c a t e   t h e   d i s t r i b u t i o n   o f   s o u n d  power over   the  f requency  range  of  20-10 000 cps 
du r ing   t he  maximum s t eady   s t a t e   f l ow  cond i t ions .  

For  purposes  of  comparison  with  the K I W I  B data, t h e   o v e r a l l  sound  power 
l e v e l s  and  octave  band  sound power l eve l s   fo r   o the r   rocke t   eng ines   i n  t h e  t h r u s t  
range  of 250 t o  100 000 pounds are a l s o   p r e s e n t e d   i n   F i g .  15. S ince   the  
evaluat ion  of   dif ferences  in   sound power l eve l s   and   spec t r a   r equ i r e   cons ide ra t ion  
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of   re la ted  engine  performance  parameters  , items such as thrus t ,   nozz le   d iameter ,  
weight   f low,   veloci ty ,   and  densi ty   of   the   respect ive  propel lants   used by t h e  
K I W I  B and  chemical  rocket  engines are l i s t e d   i n   T a b l e  V I I .  The plenum 
tempera tures ,   p ressures ,   and   o ther   res t r ic ted   da ta  are conta ined   in  a c l a s s i f i e d  
appendix. 

Comparison o f   S p e c t r a   f o r  Hot and  Cold HydroKen Flows.- K I W I  B hot  and  cold- 
f low  acous t i ca l   da t a  were used t o  make the  following  comparisons and eva lua t ions .  
The two hot  flow tests (EP I V  and V u sed   l i qu id  hydrogen f o r  a p rope l l an t )  had 
approximately  the same weight   f low  and  exhaust   temperature ,   and  resul ted  in  
a lmost   ident ica l   overa l l   sound power levels and  octave  band power spec t ra ,   except  
f o r   t h e  6 dB d i f f e rence   i n   t he   e igh th   oc t ave  band.* The octave band s p e c t r a  
from b o t h   o f   t h e s e   i n d i c a t e   t h a t  most o f   t he  sound power generated  during  the 
K I W I  B hot  tests was e q u a l l y   d i s t r i b u t e d   i n   t h e   t h i r d   t h r o u g h   t h e   s i x t h   o c t a v e  
bands (the  frequency  range  from  150  to 2400 cps).   There is  a decrease of 3 t o  4 
decibe ls   per   oc tave   be low  the   th i rd   oc tave   band ,   and  a 3 t o  6 decibel   decrease 
per  octave  from  bands 6 t o  8. 

." 

The acous t i ca l   da t a  from  cold-flow tests using hydrogen  gas  indicated an 
octave band power spec t rum  tha t  was similar t o   t h a t  from the  hot-flow  hydrogen 
t e s t s .  The overal l   sound power and  octave  band power l e v e l s  were propor t iona te ly  
lower  for  t h e  cold-flow  hydrogen test s i n c e   t h e   t h r u s t  and exhaust   gas   veloci ty  
and,  consequently,   the  exhaust  stream  mechanical  power,   were  less  than  for  the 
hot-flow  hydrogen  tests.  

Compar isKwith   Acous t ica l  Data from  Chemical  Rockets.-  Comparisons 
between the  generalized  chemical  rocket  engine  sound power spectra  have  been 
made so t h a t   t r e n d s  may be compared wi th   t he  K I W I  B sound spec t r a .  The 
chemical  rocket data were s e l e c t e d  from r e f .  3 because   th i s   re fe rence   conta ins  
the  f low  parameters   necessary  to  make a good comparison. Two rockets ,  E and 
F ,  were i n   t h e  same thrus t   range  (40  000 pounds) as t h e  K I W I  B during power runs.  
The model rocke t ,   r e f .  4, using  heated  helium as a p rope l l an t ,  had a nozz le   ex i t  
diameter  of 1.47 inches  and  generated 250  pounds o f   t h rus t .  The model rocket 
d a t a  were included  because  the  propel lant  had a low molecular   weight   to  compare 
with  the K I W I  13 helium  exhaust.  

The octave  band  sound power s p e c t r a   f o r  t h e  chemical  rocket  engines 
i n d i c a t e   t h a t ,  as nozzle  diameter and t h r u s t   i n c r e a s e ,   t h e  peak  sound power 
generated s h i f t s  toward  the  lower  octave  bands. The peak  sound power l e v e l s  
for   rocke t  H (5000  pounds t h r u s t )  were in   oc t ave  bands 4 and  5; and f o r  

* 
The SPL's from  microphone  no. 7 from EP I V  appear   to   be   too   h igh   in   the   e ighth  
octave  band  and were respons ib le   for   the   h igher   sound power l e v e l   i n   t h a t  
octave band. 



r o c k e t s  E and F (48 000 and 34 000 pounds t h r u s t ,   r e s p e c t i v e l y )   t h e   s p e c t r u m  
peaked in   octave  bands 3 and 4;. and   fo r   rocke t  C (100 000 pounds t h r u s t )   t h e  
spectrum  peaked i n   o c t a v e  bands 1 and 2. The model  rocket  generated  predominantly 
high  f requency  noise   with  the maximum sound  powers  occurring  in  octave  bands 6 
and 7 which  include  the  f requency  range 1200 t o  4800 cps. The overa l l   sound 
power r a d i a t e d  by r o c k e t s  H t o  C i n c r e a s e   i n   p r o p o r t i o n   t o   t h e   e x h a u s t   m e c h a n i c a l  
power.  The CHe model rocket,  however, seem t o  be  an  unusual case s i n c e  it 
genera ted   about   the  same overa l l   sound power levels as rocket  H ,  which  had much 
h igher   th rus t   and   mechanica l  power (see Table  VII). 

The KIWI B sound power s p e c t r a   o f   t h e  two  power runs (EP's  IV and V )  may 
be compared t o   t h e  sound  spec t ra  for  chemical  rocket  engines E and   F ,   fo r  
comparable   va lues   o f   th rus t .  A s  i n d i c a t e d ,   t h e   o v e r a l l  PWL's were approximately 
t h e  same, however t h e   d i f f e r e n c e   i n  PWL's i n  some octave  bands was as much as 
5 dB. I n  g e n e r a l ,   t h e  KIWI B PWL's were s l igh t ly   l ower   i n   oc t ave   bands  1 through 
4, and  higher   than  the  rocket  E and F da t a   i n   oc t ave   bands  5 ,  6 and 7. The 
r e a s o n s   f o r   t h e   d i f f e r e n c e   i n   s p e c t r a  are no t   r ead i ly   appa ren t ,   bu t  it should  be 
n o t e d   t h a t   t h e  KIWI B hot-f low  exhaust   veloci ty  w a s  much g r e a t e r   t h a n   t h e  
exhaust   veloci ty   of   rockets  E and F and ,   therefore ,   the   mechanica l   s t ream power 
o f   t he   exhaus t   du r ing   t he  KIWI B tes t s  was h i g h e r   t h a n   t h a t   f o r   r o c k e t s  E and 
F. On t he   o the r   hand ,   t he   dens i ty   o f   t he   ho t   hydrogen  exhaust w a s  much less 
than   the   exhaus t   dens i ty   o f   the   chemica l   engines  (see Table VII). The 
comparisons  offer more evidence  that   the   hot   hydrogen  exhaust   f rom  the KIWI B 
rocket   engine is less e f f i c i en t   t han   t he   chemica l   rocke t   eng ine   exhaus t   i n   t he  
genera t ion   of   sound,   which ,   in   tu rn ,  may be due t o   t h e   d i f f e r e n c e  between t h e  
exhaus t   gas   dens i t ies   o f   the   two  types   o f   rocke t   engines .  

For   comparable   values   of   mechanical   power,   the   acoust ical   data   f rom  the 
KIWI B hot-flow were compared w i t h   t h e   a c o u s t i c a l   d a t a   f o r   r o c k e t  C ,  and t h e  
KIWI B cold-helium t e s t  d a t a  were compared wi th   rocke t  H.  A s  can  be  seen  in  
Fig.  1 5 ,  the  sound power leve ls   for   the   ho t - f low  hydrogen  KIWI B tests were 
considerably less than   those   for   rocke t  C :  t h i s ,   a g a i n ,   i n d i c a t e s   t h a t  a hot 
hydrogen  exhaust is  less e f f i c i en t   t han   chemica l   rocke t   exhaus t   gases   i n   t he  
generation  of  sound  energy. 

The cold-flow  helium  generated  considerably more sound Dower t h a n   t h a t  
generated  by  rocket H ,  even   though  the   ve loc i ty   o f   the   he l ium  exhaus t  was about 
ha l f   t he   ve loc i ty   o f   t he   chemica l   rocke t   exhaus t .  However, t h e   t h r u s t   o f   t h e  
helium  rocket was o v e r   t w i c e   t h e   t h r u s t  of  rocke t  H ;  thus ,   both  exhausts   had 
approximately  the same mechanical stream power. Th i s   i nd ica t ed   t ha t   t he   exhaus t  
from  rocket H was less e f f i c i e n t   i n   g e n e r a t i n g   s o u n d  power t h a n   t h e  KIWI B 
helium  exhaust.  

Fig. l'j a l s o  shows t h a t  KIWI B engine  hot-f low  generates   approximately  the 
same power as o t h e r   r o c k e t   e n g i n e s   i n   t h e  same thrus t   range .   This  is  cont ra ry  t o  
p r e d i c t i o n s  of the   r ad ia t ed   sound  power based  only upon the   exhaus t   ve loc i ty  
r a i s e d   t o   t h e   t h i r d  power o r  upon a sound power r e l a t i o n   t h a t   h a s  been  deduced 
from  other   chemical   rocket   engine  acoust ical   data .   Addi t ional   discussion  of   the 
mechanism of sound power generat ion i s  p r e s e n t e d   i n   t h e   s e c t i o n  on Conversion 
Eff ic iency .  



I 

Generalized Sound Power Spec t ra  

Conventional  Normalizing Method.- The sound power spectrum  of   the  noise  
generated by t h e  KIWI B exhaust  stream w a s  normalized  and  examined i n  a 
genera l ized  form.  The pu rpose   o f   t h i s  w a s  t o   e s t a b l i s h  a bas is   for   compar ing  
the  sound power spectra   produced by t h e  K I W I  B engine  and  chemical  rocket 
e n g i n e s ,   a n d   t o   e s t a b l i s h  a technique   for   combining   the   wide   var ie ty  of rocke t  
engine   no ise   da ta   wi th   the  K I W I  B d a t a   i n   o r d e r   t o   e x t e n d   t h e  method of 
p r e d i c t i n g   n o i s e   s p e c t r a .  

The sound power s p e c t r a  from t h e  K I W I  B tests were  non-dimensionalized 
i n  t h e  same fash ion  as o the r   rocke t   no i se   da t a   ( s ee  refs. 3 and 4) t o   y i e l d  
the   gene ra l i zed  power spec t ra   curves  shown i n   F i g .  16. 

Generalized sound power spectra  (based  on  the  octave  band  sound power 
l e v e l s  shown i n   F i g .  15) for   the   chemica l   rocke t   engines   a re   a l so   p resented  
for   compar ison   in   F ig .  16. 

The dimensionless   parameters   used  are  a Generalized Power Spec t ra l   Dens i ty  
(PSD) and  the  Strouhal  Ilunber.  These  terms  are  defined  in  the  following ways: 

W 

General ized Power Spec t ra l   Dens i ty  = f 

W f V / D  e e  

where w i s  t h e  sound power p e r  unit frequency, and f 

W = Overall   sound power (watts) 

De = Nozzle e x i t  diameter ( f t  ) 

V = Exhaust   veloci ty  a t  the   nozz le   ex i t   p l ane   ( f t / s ec ) .  e 

The PSD w a s  approximated as the   average   va lue   for   the  power i n  sone 
frequency  band  from  the  following  relation  (obviously  the terms can a l so   be  
d e r i v e d   i n  1/3 octave  bancis): 

Octave Band Sound  Power w =  , watts 
f Octave Band Frequency  Interval  (Lf ) OB CPS 

Ve/De = t iozzle  Exit   Velocity Y f t / s e c  
Nozzle  Exit  Diameter f t  

Xote W f V /D has   un i t s   o f   wa t t s / cps .  e e  

S t rouhal  Number = - 
'elD, 

f 

where f = octave  band  center  frequency i n  cps.  

The genera l ized  power spectrum  curve i s  a l s o  a normalized  curve  s ince  the 
area under  the  curve i s  unity.   That i s ,  
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n 

2 W + Ve/De Ve/De 
i=l 

(Wf I i  (Af l i  ." - 1  

The genera l ized  power s p e c t r a l   d e n s i t y   c a n   b e   e x p r e s s e d   i n  more commonly 
used terms by   d iv id ing  wf and W by  the  s tandard  sound power level reference  of  

watts, and   t hen   t ak ing   t he   l oga r i thm of t h e   r e s u l t   t o   g i v e   t h e   g e n e r a l i z e d  
power spectrum level  (PSL). 

Generalized Power Spectrum  Level = LO l o g  
(w/10-l3) t v,/D, 

Thus ,   the  

Generalized Power Spectrum  Level = [(OBPWL - 10 logl0hfoB) 

The range  of  sound power spec t ra   for   the   chemica l   rocke t   engines  i s  i n d i c a t e d  
by t h e  band shown in   F ig .  16. Data p o i n t s   f o r   r o c k e t  F and f o r   t h e  model rocket 
are a l s o  shown.  The K I W I  B s p e c t r a  for t h e  two  hot-flow  hydrogen tests are shown 
as a band  ra ther   than   da ta   po in ts .   In   genera l ,   the  K I W I  B ho t - f low  noise   spec t ra  
f a l l  within  the  band  of   rocket   data .  A t  low frequencies ,   however ,   the  K I W I  B 
spectrum remains a t a  constant   value  while   the  chemical   and model rocke t   spec t r a  
d e c r e a s e   i n   l e v e l .  The g e n e r a l i z e d   s p e c t r a   f o r  t h e  cold-flow  hydrogen t e s t s  
compare reasonably well  with  the  hot-f low  hydrogen  data   over  most o f   t h e  
frequency  range;  however,   the  cold-flow  helium  spectrum  indicates much lower 
spec t rum  leve ls  a t  low St rouhal  iJumbers than  any o f   t he   o the r   eng ines .  In 
a d d i t i o n ,   t h e  model rocket  (which  used  heated  helium as a p r o p e l l a n t )  h a s  a 
s ign i f i can t ly   d i f f e ren t   no rma l i zed   spec t rum  than   t ha t   f rom  the  K I W I  B cold  f low 
helium tests. 

The d i f f e rences   i n   no rma l i zed   spec t r a  are  due t o   t h e   v a r i a t i o n   i n   e x h a u s t  
parameters ,   including j e t  density  and  temperature,   which  have  not  yet   been 
s y s t e m a t i c a l l y   r e l a t e d .   F o r   t h e  K I W I  B t es t s ,  the   burn ing   hydrogen   a l so  
c o n t r i b u t e s   t o   t h e   n o i s e   f i e l d   i n   t h e  f i rs t  three   oc tave   bands .  The d iscuss ion  
presented ear l ie r  i n   t h e   s e c t i o n  on  sound  power l e v e l s   c o n c e r n i n g   t h e s e   e f f e c t s  
a l s o   a p p l y   t o   t h e   n o r m a l i z e d   s p e c t r a .  It appears  from  Fig.  1 6  t h a t   i n   t h e   t h r u s t  
l e v e l  of 50 000 lbs ,   p red ic t ions   o f   sound power spec t r a   fo r   nuc lea r   rocke t  
engines  can  be made wi th   reasonable   accuracy   in   the   range   of   S t rouhal  Numbers 
from S = 0.01 t o  3. 

22 



Effec t  of Exhaust Gas Density 

Since it appeared as i f  the   exhaus t  gas d e n s i t y  ( p  might be an  important 
parameter t o  inc lude   i n   gene ra l i z ing   t he   sound  power l e v e l s ,   t h e   r a t i o   o f   e x h a u s t  
gas   densi ty  t o  ambient air d e n s i t y  (see Table V I I )  w a s  used t o  modify t h e  
genera l ized  power spectra  and  dimensionless  frequency  parameters as i n d i c a t e d   i n  
Fig.  17. The d e n s i t y   r a t i o  w a s  inc luded   in   bo th   parameters  so  t h a t   t h e  
area under   the  power spectra   curve  would s t i l l  be  normalized t o   u n i t y  as i n  
Fig.  16. 

3 

The r e s u l t s  shown i n   F i g .  17 are u n s a t i s f a c t o r y   f o r   e m p i r i c a l l y   r e l a t i n g  
t h e  K I W I  B t o  the   chemica l   rocke t   da ta .  The d a t a   a d j u s t e d   b y   t h e   d e n s i t y   r a t i o ,  
( i n c l u d i n g   t h e  model j e t )  however, seem t o   f o l l o w  a gene ra l   t r end ,   and   t he  
hot-and  cold-flow K I W I  B acous t ica l   da ta   po in ts   had   been   brought   c loser  
together.   Thus,  it appeared   tha t   the   f requency   d i s t r ibu t ion   of   sound  energy  from 
a rocket  exhaust was also dependent   on  the  exhaust   gas   densi ty .  

In t roduct ion   of  a New Normalizing  Technique 

To obta in  a be t t e r   g roup ing   o f   da t a   po in t s ,   ano the r  method of   normalizing 
sound power d a t a  was attempted.  This method introduced a parametr ic  term which 
i s  ca l l ed   Re la t ive   Spec t r a l   Dens i ty .  The f r e q u e n c y   s c a l e   i n   t h i s   c a s e  was non- 
dimensionalized by d iv id ing   t he   geomet r i ca l  mean f requency   of   the   oc tave  band 
by the   f requency   in te rva l   over   which   the   to ta l   sound power w a s  i n t e g r a t e d .  

The generalized  parameters  used are as fol lows:  

( Octave Band Frequency  Interval  
Octave Band Sound  Power 

Overa l l  Sound Power 
Overal l   Frequency  Interval  

Re la t ive   Spec t r a l   Dens i ty  = 

o r ,  W 

Re la t ive   Spec t r a l   Dens i ty  = 
f 

W / A f O A  

where t h e  

Dimensionless  Frequency = f/AfOA 

Thus ,   the   Rela t ive   Spec t ra l   Dens i ty  is  t h e   r a t i o  of average  sound power d e n s i t y  
i n  an  octave  band t o   t h e   a v e r a g e   s o u n d  power dens i ty   for   the   f requency   range   of  
t he   ove ra l l   sound  power  measurement. The r e s u l t  i s  a l s o  a normalized power 
spec t rum  s ince   the  area under   the  curve i s  un i ty :  



Again, as i n   t h e  case o f   t h e   g e n e r a l i z e d  power spec t ra   for   the   convenience   o f  
p r e s e n t a t i o n ,   t h e   r e l a t i v e   s p e c t r a l   d e n s i t y  values are expres sed   i n   dec ibe l s .  
The K I W I  B and chemica l   rocke t   engine ' sacous t ica l   da ta  were t r e a t e d   i n   t h i s  
f a s h i o n   a n d   t h e   r e s u l t a n t   r e l a t i v e   s p e c t r a l   d e n s i t y  levels are shown i n   F i g .  18. 
I t  i s  e v i d e n t   t h a t  a more order ly   arrangement   of   the   sound power s p e c t r a  
r e s u l t e d  from t h e   r e l a t i v e   s p e c t r a l   d e n s i t y   t y p e   o f   n o r m a l i z a t i o n .  The v a r i a t i o n  
i n  s p e c t r a l   d e n s i t y  levels i s  gene ra l ly   w i th in  2 3 dB. 

Discussion  of  Other  Normalizing  Techniques 

Dur ing   t he   s tudy   o f   t he   gene ra l i zed  power spec t ra ,   o ther   combina t ions   o f  
engine  flow  parameters were i n v e s t i g a t e d  t o  o b s e r v e   t h e i r   e f f e c t  on t h e  
grouping  of   the power s p e c t r a   d a t a .   I n   e a c h   c a s e ,  terms were r e l a t e d   t o   y i e l d  
dimensionless power s p e c t r a .  A d e s c r i p t i o n   o f   f o u r   o f   t h e  methods t r i e d  and 
t h e   r e s u l t s   t h a t  were obta ined  are given  below: 

Method I.- References 3 and 5 showed t h a t  a b e t t e r   r e l a t i o n   c o u l d   b e  
obtained among r o c k e t ,   t u r b o j e t ,   a n d  model j e t  d a t a  by using  the  speed  of   sound 
i n   t h e   e x h a u s t   g a s  a t  t h e   n o z z l e   e x i t  (Ce) r a t h e r   t h a n   t h e   g a s   e x i t   v e l o c i t y  
( V e l  as a normalizing  parameter.  

With t h i s   a p p r o a c h ,   t h e  power spec t r a   pa rame te r s  became: 

U s i n g   t h i s   r e l a t i o n ,   t h e   a c o u s t i c a l   d a t a  from t h e  K I W I  B d id   no t  compare 
well  with  chemical   rocket   data   because of a 9 dB d i f f e r e n c e   i n   t h e  peak  spectrum 
l eve l s   and  a displacement  by a f a c t o r   o f  30 i n  t h e   s p e c t r a l  peak ( f o r   t h e  K I W I  B 
compared t o  chemical   rockets)  on the   d imens ionless   f requency   sca le .  

Method 11.- I n   t h i s   a t t e m p t ,   t h e   o v e r a l l   s o u n d  power ( W )  was normalized by 
the  exhaust  mechanical stream power (W,) and t h e   t h r u s t  (F). The d e n s i t y   r a t i o  
( p e  / p a )  was introduced as a modifying  factor ,   and t h e  nozz1.e diameter was 
use% t o  normalize  the  frequeney  spectrum. The resu l t ing   d imens ionless  power 
spec t ra   parameters  were 

where p and V are the   equiva len t   exhaus t   dens i ty   and   ve loc i ty   respec t ive ly .  
eq  eq 
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I 

The term 

To normalize W ,  d ivide  by (g) x (%), using W m ’ = p D *V 3 

W w a s  der ived as follows: 

(peg 2V eq e /FP,) 

eq e eq 

Thus 

The terms used i n   t h e  denominator   of   the   general ized  spectra  are parameters 
re la ted  to   both  mechanical   and  sound power,  and are used to   ob ta in   d imens ion le s s  
power spec t r a .  T h i s  method r e s u l t e d   i n  a c lose   g rouping   of   the   var ious  K I W I  B 
power spec t r a .  However, the   g rouping   of   the  power spectra   f rom  the  chemical  
rocket   with  those  f rom  the K I W I  B was unsa t i s f ac to ry   and   d id   no t   i nd ica t e  
sys temat ic   t rends .  

Method 111.- This   approach  used  the  re la t ive  spectral   densi ty   parameter  
( introduced ear l ie r )  with a Strouhal  number (based upon V e q )  i n s t e a d   o f   t h e  
dimensionless  frequency term f / ( A f  The power spec t ra   parameters  were 
r e l a t e d   i n   t h e   f o l l o w i n g  way 

I ’  ” I vs 1.. ,- \ 
f 

By t h i s  method, t h e  sound  spectra   f rom  the K I W I  B hot  hydrogen  flow  and 
chemical  rockets  grouped  reasonably w e l l .  The average  spectrum  curve  through 
these  points   had a spread  of 4 dB. The K I W I  B cold-flow  hydrogen  and  helium 
sound  spectra,   however,  were considerably  displaced  f rom  the  other   data .  

Method 1V.- This   approach   a l so   used   the   re la t ive   spec t ra l   dens i ty   parameter  
and   the   S t rouhal  number, f ( D e / V e q ) ,  in t roduced   in  Method 111. In   t h i s   p rocedure ,  
the  dimensionless  frequenc arameter ( the   S t rouha l  number) w a s  general ized by 
the  dimensionless  term Jee , where R i s  the  gas   constant ,   and Tc i s  
defined a ~ :  ( a )  the  temperature  of combustion f o r  a chemical  rocket  engine,   or 
( b )   t h e  plenum tempera tu re   fo r   t he  K I W I  B. 

The parer   spec t ra   parameters  were r e l a t e d  by 

These  parameters result in   gene ra l i zed  or  dimensionless   spectra   but   do 
not  provide a normalized  spectrum. The K I W I  B and  chemical   rocket   acoust ical  



da ta   gene ra l i zed  by Method I V  are shown in   F ig .   19 .  The grouping  of   the 
s p e c t r a l   l e v e l s  is  somewhat similar t o   t h a t   o b t a i n e d   i n   F i g .  18, even  though 
the  frequency scales are non-dimensionalized on  an e n t i r e l y   d i f f e r e n t   b a s i s .  
In   gene ra l ,  the low frequency  dispers ion  of   spectrum  levels  i s  g r e a t e r   t h a n  at 
high  frequencies  and  the  lower  spectrum levels are as soc ia t ed  w i t h  small nozzle  
d iameter   o r   lower   th rus t   engines .  A t  h ighe r   f r equenc ie s ,   t he  K I W I  B and model 
rocke t   acous t i ca l   da t a  form the  upper  limit o f   t h e   s p e c t r a l  band. 

I n  comparing a l l  t h e  methods for   genera l iz ing   sound power s p e c t r a  
d i s c u s s e d   i n   t h i h   s e c t i o n ,  it appears   tha t   the   normal ized   spec t ra   us ing   the  
relative s p e c t r a l   d e n s i t y  level and the  dimensionless  frequency f / A o A ,  shown 
i n   F i g .  18, provided an average  spectrum  with t h e  least var ia t ion ,   and   of fe red  
t h e  most systematic  comparison of t h e  wide var ie ty   of   engine  exhaust   condi t ions 
between t h e  K I W I  B and  chemical  rockets. 

Conversion  Efficiency 

The r a t i o   o f   t o t a l  sound power generated by t h e  exhaust  flow t o   t h e  
mechanical  stream power of  the  exhaust was c a l c u l a t e d   f o r   t h e  maximum flow 
condition  of  each 1964 K I W I  B t e s t ,  and i s  p resen ted   i n   t he  form  of  percent 
e f f i c i e n c y   i n   t h e   t a b l e  below. 

Test  Date  Propellant  Acoustical   Efficiency ( % )  

9 January 1964 Cold Flow GHe 

9 January 1964 Cold Flow GH2 

13 May 1964 Hot Flow LH2 

28 August  1964 Hot Flow LH2 

0.52 

0.16 

0.24 

0.19 

There  was a wide v a r i a t i o n  i n  values  of  exhaust  gas  density and ve loc i ty  
(see  Table  V I I )  between the   ho t -  and cold-f low  hydrogen  tes ts ,  and  between t h e  
hydroeen  exhaust  and  chemical  exhausts. The e f fec t   o f   independent   var ia t ions  
o f   t he   ve loc i ty   o r   dens i ty  i s  d i f f i c u l t   t o   e v a l u a t e .  However, lower  acoust ical  
e f f i c i e n c i e s  were assoc ia ted  w i t h  t h e  h ighe r   ve loc i ty  and  lower  density  hydropn 
exhaust . 

The overal l   sound power l e v e l s  and mechanical power  from which these   va lues  
were  computed are presented   in   F ig .  1 5  and  Table V I I ,  r e spec t ive ly .  

To compare data and t o   e s t a b l i s h   t r e n d s ,   t h e   a s s o c i a t e d  sound power l e v e l s  
and  mechanical power va lues   fo r   t he  K I W I  B and other   rocket   engines  are r e l a t e d  
g raph ica l ly ,  as shown in   F ig .  20. The mechanical  stream power  and o v e r a l l  sound 
power l e v e l s  were obtained from r e f .  3 f o r  a l l  the  chemical  rocket  engines shown. 
It i s  evident  t h a t  t h e  cold and hot  hydrogen  exhaust  during  the KIWI B engine 
tests were not as e f f i c i e n t  as the  helium  exhaust  and most of t h e  chemical 
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rocket   engines  i n  generat ing  acoust ic   energy.  The exhaust  mechanical power of  
the  hot-flow  hydrogen test w a s  about 8 times higher   than   for   the   co ld- f low 
hydrogen test ,  and t h e   d i f f e r e n c e   i n  radiated sound power was approximately 
10 dB. Thi s   i nd ica t e s  a near ly   constant   eff ic iency  in   conversion  f rom 
mechanical power t o  sound power f o r   i n c r e a s i n g   t h r u s t   w i t h   t h e  hydrogen  exhaust. 
Whether t h i s   conve r s ion   e f f i c i ency  w i l l  r emain   cons tan t   for   h igher  power (wi th  
h igher   weight   f low  and   poss ib le   h igher   exhaus t   ve loc i ty)   nuc lear   rocke t   engines  
has   ye t   to   be   de te rmined .  

D i r e c t i v i t y   o f   t h e  K I W I  B Sound F i e l d  

A c o u s t i c a l   d i r e c t i v i t y   p a t t e r n s   o f   t h e  K I W I  B exhaus t   were   ca lcu la ted   for  
t h e   f a r - f i e l d  from  hot-  and  cold-flow tes t  data. The p a t t e r n s  were der ived from 
t h e  measured  sound  pressure  levels by the   fo l lowing  method: 

Space  Average OASPL = OAPWL - 10 loglo ( 2nR2) 

Di rec t iv i ty   Index  = OASPL - Space  Average OASPL 

A comparison  of t h e   o v e r a l l   d i r e c t i v i t y   p a t t e r n   f o r   t h e   h o t -  and  cold-flow 
tests i s  shown in   F ig .  21. During t h e  flow  of  gaseous  helium,  the peak occurred 
a t  an angle  of 6 3 O  from the   d i r ec t ion   o f   t he   exhaus t .  

The d a t a  from the  cold-  and  hot-flows  of  hydrogen  peak  generally a t  71'. 
This is unusual   s ince   the   exhaus t   ve loc i ty   o f  t h e  hot  hydrogen  flow was 
s ign i f i can t ly   h ighe r   t han   t ha t   o f   t he   co ld   hydrogen   f l ow and the   angle   o f  
maximum sound  radiat ion w a s  expec ted   to   increase   wi th   exhaus t   ve loc i ty .  Some 
minor var ia t ions   such  as secondary  peaks are superimposed,  however,  they  are 
wi th in  2 2 dB o f   t he   gene ra l   t r end  and  no s i g n i f i c a n c e  is  a t t r i b u t e d   t o  them. 

A compar i son   o f   t he   d i r ec t iv i ty   pa t t e rns   fo r   t he   ba l loon  and  two tower 
microphone a r r a y s   f o r   t h e  K I W I  B-4D (Ep I V  on 13 May) i s  shown i n  Fig.  22. The 
420-foot  tower data show a peak at approximately "lo, as ea r l i e r   gas   f l ows  
ind ica t ed .  The d a t a  from tne 120-foot  tower  also shows a broad  peak a t  about 
70' d e s p i t e   t h e   n e a r - f i e l d   c h a r a c t e r   o f  t h e  n o i s e   f i e l d  and t h e   f a c t  t h a t  these 
microphone  channels   were  cal ibrated  for   the  f requency  range from 300-20 000 cps 
t o  conf i rm  tha t   t he   spec t rum  con t inues   t o   dec rease  between 10 000 and 20 000. 
The d a t a  from the  bal loon  array  does  not   permit  a c l e a r   i n t e r p r e t a t i o n  of whether 
t h e  peak ac tua l ly   occurs  a t  an  angle greater than  71° or   whether   the   da ta  
point  (from  the  bottom of t h e  microphone o f   t h e   a r r a y )  is  unre l i ab le .  

Acoust ical   radiat ion  pat terns   for   selected  1/3  octave  bands  between 50 and 
6300 cps are shown i n   F i g .  23.  These d i r e c t i v i t y   i n d i c e s  were computed  from 
the  sound  pressure  level  measurements  obtained  during  the 13 May hot-flow  hydrogen 
test from the  microphones on t h e  420-foot  tower. The d i r e c t i v i t y   p a t t e r n s   f o r  
the  lower  frequency  ranges  from 50 t o  400 cps are a l m o s t   i d e n t i c a l   t o   t h e  
o v e r a l l   d i r e c t i v i t y   p a t t e r n .  A g r e a t e r   v a r i a t i o n   i n   d i r e c t i v i t y  is evident  at 
the   h ighe r   f r equenc ie s ,   pa r t i cu la r ly  a t  3150 cps  and 6300 cps,   where,   al though 
the  index  peaks at 71°, t h e r e  is a sha rpe r   d rop   o f f   on   e i the r   s ide   o f   t he  peak 
with a secondary  peak a t  3 4 O .  The d i r e c t i v i t y   o f   a c o u s t i c a l   r a d i a t i o n  became 



sha rpe r   w i th   h ighe r   f r equenc ie s .  However, t h e   d i r e c t i o n   o f  maximum r a d i a t i o n  
remained 71' f o r  a l l  frequency  ranges.  

Space-Time Cor re l a t ion   Ca lcu la t ions  

A r igorous  mathematical   descr ipt ion of s t r u c t u r a l   r e s p o n s e   t o   a c o u s t i c  
p r e s s u r e   r e q u i r e s   t h e  knowledge  of how t h e   p r e s s u r e s  are c o r r e l a t e d   i n   s p a c e  
and time i n   a d d i t i o n   t o   t h e i r  magnitude  and t h e   d i s t r i b u t i o n   o f   e n e r g y   i n   t h e  
frequency  range  of  interest .   Unless  measured  data are used t o   c a l c u l a t e   t h e  
space- t ime  correlat ion  of   the  pressure,   assumptions must be  made as t o   t h e  
shape of these   func t ions .   Thus ,   cons iderable   e r ror   can   be   in t roduced   th rough 
ignorance   o f   t he   app ropr i a t e   cha rac t e r i s t i c s  of t h e   f o r c i n g   f u n c t i o n .  

Ce r t a in   a spec t s   o f   t he   space - t ime   co r re l a t ions   fo r   t he  K I W I  B acous t i c  
f i e l d  were wi th in   t he   s cope   o f   t h i s   s tudy .   These   spec ia l   t e s t s   i nc luded :  
(1) measurement o f   d a t a   s u i t a b l e   f o r   s p a c e - t i m e   c o r r e l a t i o n   c a l c u l a t i o n s   d u r i n g  
b o t h   h o t   f i r i n g s ,  and ( 2 )  ca lcu la t ion   and   graphica l   p resenta t ion  of space-tirr,e 
c o r r e l a t i o n   c h a r a c t e r i s t i c s .   T h e s e  two tasks  were  done,  and  the r e su l t s  
reported  e lsewhere*.  A summary o f   t h e   p e r t i n e n t   f a c t o r s   a c c u n u l a t e d   t o   d a t e  is  
included  here .  However, a complete   analysis  i s  no t   p re sen ted   s ince   t he  m a t h c -  
m a t i c a l   d e s c r i p t i o n   o f   t h e   c o r r e l a t i o n   r e s u l t s  was no t   w i th in   t he   au tho r i za t ion  
o f   t h i s   s t u d y .  

The de f in i t i on   o f   t he   space - t ime   co r re l a t ion   func t ions  and how they are 
c a l c u l a t e d  was g i v e n   i n   t h e   s e c t i o n  on Correlat ion  Calculat ions.   Repeated 
appl icat ion  of   the  mathematical   manipulat ions  (descr ibed  for  a group of nea r - f i e ld  
microphone  locations:  four  microphones a t  110 f ee t ,  and  two a t  50 f e e t )   r e s u l t s  
i n  a d e s c r i p t i o n   o f   t h e   s p a c e - t i m e   c o r r e l a t i o n   c h a r a c t e r i s t i c s  of t h e   a c o u s t i c  
f i e l d  at those   l oca t ions .   Fo r   t he  K I W I  B t es t s ,  t he   no rma l i zed   co r re l a t ion   i n  
t h e  two pe rpend icu la r   d i r ec t ions   t o   t ha t   o f   p ropaga t ion  i s  t a k e n  t o   b e  1 ( i . e . ,  
p e r f e c t   c o r r e l a t i o n   o v e r   t h e   p l a n e   o f   t h e  wave f r o n t ) .  Though t h i s  i s  not  
e n t i r e l y   t r u e ,  a check made  d u r i n g   t h e  28 August 19614 f i r i n g  (microphone number 2 8 )  
i n d i c a t e d   t h a t ,   i n   t h e   d i r e c t i o n   a p p r o x i m a t e l y   p a r a l l e l   t o  an on-corning wave 
f r o n t   ( i n   t h e  ground  plane  of   the  microphones) ,   the  time carrel-ation e s s e n t i a l l y  
agrees  with  such an  assumpt ion   bu t ,   in  a d i s t a n c e   o f   s i x  f e e t ,  t h e   s p a t i a l  
c o r r e l a t i o n  shows a decrease  of  about 33%. Th i s   depa r tu re   f ron   t he  i n i t i a l  
assumption  of a p e r f e c t l y   c o r r e l a t e d  wave f ron t   i n   bo th   space  ar,d time assumes 
s ign i f i cance   on ly  when cons ider ing   the   response   o f  a l a r g e   s t r u c t u r e   ( w i t h  
dimensions  on  the  order  of 15 t o  20 f e e t ) .  

Continuing on t h e   b a s i s   t h e n   t h a t   t h e   o r i g i n a l   a s s u m p t i o n s  are reasonable ,  
a three-d imens iona l   p lo t   o f   the   space- t ime  cor re la t ion   func t ion   for   the   acous t ic  
nea r - f i e ld   o f   t he  K I W I  B nuclear   engines  i s  presented  i n  Fig.  24. Such a p l o t  
i n d i c a t e s   t h e   g e n e r a l   n a t u r e   o f   t h e   f u n c t i o n .  A more usefu l   d i sp lay  of t h e  
con tour   cha rac t e r i s t i c s  i s  shown i n   F i g s .  25 and 26 where  project ions of t h e  
space-time  contour  onto t h e  time and  space  axes  have  been made r e spec t ive ly .  

k 
The t e c h n i c a l   a n a l y s i s  was performed  and  support inq  data   t ransmit ted  under  
subcont rac t  No. 24 372-980-10 t o   t h e  C. F. Braun Company. 
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By re loca t ing   t he   mic rophones  for EP V (28 August)   and  performing  cross- 
c o r r e l a t i o n   c a l c u l a t i o n s  of narrow  bands  of data, s e v e r a l  details were observed. 
The r e s u l t s ,   w i t h i n   t h e  20-2000 c p s   b a n d ,   i n d i c a t e   t h a t   t h e   p r e s s u r e s   a r e  
c o r r e l a t e d   o v e r  an area of 2 s q u a r e   f e e t  of ' the  8:square f o o t  tes t  p a n e l   ( s l i g h t l y  
less t h a n   o n e   f o o t   i n   t h e   d i r e c t i o n   o f   p r o p a g a t i o n ) .  The shape of t h e  narrow- 
band  c ross -cor re la t ion  resembles a damped cos ine   func t ion .   A l so ,   t he  m a x i m a  of 
t h e   c r o s s   c o r r e l a t i o n  for a band of f r equenc ie s  330 cps wide wi th  a geometr ica l  
mean of  1000  cps  diminishes more r a p i d l y   i n   t h e   s p a c e - t i m e  domain than  does the 
maldma f o r  a band of r requencies  33 cps wide wi th  a geometr ica l  mean of  100  cps.  
T h i s   d i f f e r e n c e  is shown i n  Fig.  27. 

The loga r i thm  o f   t he   Four i e r   t r ans fo rm  o f   t he   space - t ime   co r re l a t ion   func t ion  
( t h e   r e l a t i v e   c r o s s  power  spectrum  level)  is shown i n   F i g .  28. It may be shown 
from e i t h e r   t h e   c r o s s - c o r r e l a t i o n   o r   t h e   c r o s s - p o w e r - s p e c t r a l   f u n c t i o n   t h a t  a 
Delta f u n c t i o n   c o r r e l a t i o n  is a ve ry   i ncomple t e   desc r ip t ion   o f   t he  f ie ld .  However, 
f o r  a modal a n a l y s i s  of l a r g e   s t r u c t u r e s ,   o r   a s s u m i n g  a whi t e   no i se   fo rc ing  
func t ion  ( a  f la t  power s p e c t r a l   d e n s i t y ) ,  a Delta co r re l a t ion   func t ion   approach  
( e .  g. , 6 [ X/U - T 1) might  be a u s e f u l   a p p r o x i m a t i o n ,   b u t   t h e   e r r o r   i n v o l v e d   i n   s u c h  
an  approximation  has  not  been  determined. 

The ma themat i ca l   desc r ip t ion   o f   t he   cha rac t e r i s t i c s   o f   t he   space - t ime  
c o r r e l a t i o n   f u n c t i o n   f o r   t h e  K I W I  B a c o u s t i c   f i e l d  would   p rovide   an   ana ly t ica l  
method t o  make an a c c u r a t e   p r e d i c t i o n  of  t h e   t r a n s f e r   e f f i c i e n c y   o f   e n e r g y   f r o m  
t h e   a c o u s t i c  f i e l d  t o   s t r u c t u r e .  However t h e  work n e c e s s a r y   t o   d e r i v e   t h e s e  
a n a l y t i c a l   f ' u n c t i o n s  was b e y o n d   t h e   a u t h o r i z a t i o n   o f   t h i s   s t u d y .  

Locat ion  of   General ized Sound  Source 

I n   a d d i t i o n   t o   t h i s   b a s i c   q u e s t i o n   o f   s t r u c t u r a l   r e s p o n s e ,   t h e   c o r r e l a t i o n  
c a l c u l a t i o n s   p e r m i t   d e f i n i t i o n   o f   o t h e r   f a c t o r s .  From t h e  data of  EP I V  (13 May 
1964) ,  a l o c a l i z e d   o v e r a l l   f r e q u e n c y   s o u r c e  was c a l c u l a t e d   t o   b e   a p p r o x i m a t e l y  
13 f e e t  downst ream  of   the   nozz le   ex i t   p lane .  A sample  computat ion  using  the 
data from EP I V  (13 May 1964) i s  shown  below.  Note t h a t   t h e   c a l c u l a t i o n   i n d i c a t e s  
the speed of sound a t  t h e   p o s i t i o n   o f  measurement t o   b e  1 2 2 0   f t / s e c .  The source  
he igh t  was ca lcu la ted   us ing   the   fo l lowing   approximat ions   (assuming a p lane  wave 
at the  microphone) .  

" . . .. . . ._ . . 



dl c T 
Cos a = - =  - 0 

d2 6 

H = 117 t a n  a 

where Co = speed  of  sound ( f t / s e c )  

T = time delay of co r re l a t ion   func t ion  maxima ( s e c )  

From t h e  maxima of   the  space- t ime  correlat ion  funct ions  projected on t h e  
time a x i s   ( r e f .   F i g .  2 5 )  t h e  time f o r   t h e  wave t o  t ravel  along i ts  d i r e c t i o n a l  
paths  are known t o  be 1 .5  milliseconds  from  microphones 17 t o  18, and  3.1 milli- 
seconds  from  microphones 18 t o  19. Hence: 

b - a Co[ 1.5 x 10-3]ft  and c - b C0[3.1 x 10-3]ft  

By successive  approximations,   the  two var iab les   were   found  to   be  

H = 33 f t  and Co = 1220 f t / s e c  

Thus,   the   dis tance downstream  from the   nozz le   ex i t  was 1 3   f e e t .  

S ince   th i s   speed   of   sound is h ighe r   t han   t ha t  which  would ex is t   for   ambient  
a i r  temperatures ,  it was concluded t h a t  t h e  a i r  was heated by the   thermal  
r ad ia t ion  from the   exhaus t   o f   the  K I W I  B nuc lear   engine ,   c . f . ,   F ig .  1 4 .  

During EP V (28 August 1964) ,  a measurement of a i r  temperature was made 
us ing  8 thermocouple  near  the  microphones on the   conc re t e  pad a t  110 f e e t  
(Fig.   32) .  The da t a   i nd ica t e   t ha t   t he   t empera tu re   o f   t he  a i r  was 130'F during 
maximum power (the  ambient air  temperature was 80'F). Using t h i s  measured 
temperature,  a speed  of  sound a t  t h e   c o r r e l a t i o n  microphone loca t ion  was 
c a l c u l a t e d   t o   b e  1191 f t / s e c .  With this   speed  of   sound,   and  the time delays 
between  microphone p a i r s  17-18, 17-19 and 18-19 obtained  from  the  output of t h e  
7090 computer (shown approximately i n  Fig.  2 5 ) ,  a more accurat .e   source  locat ion 
was determined.  For  the 28 August 1964 da ta ,   t he   l oca l i zed   ove ra l l   sou rce  
(20-2000 cps)  was approximately IrO f e e t  downstream  of t he   nozz le  e x i t  plane.  

Dis t r ibu t ion   of   Ins tan taneous   Pressure  Peaks 

The space- t ime  correlat ion IBM program also  provided a p l o t  of t h e  
dis t r ibut ion  of   instantaneous  pressure  peaks.   These  peaks  have  approximately a 
Guass ian   d i s t r ibu t ion ,  as ind ica t ed  by Fig.  29. An ind ica t ion  of s inuso ida l  
in f luence  i s  observable on some of  the  curves i n  t h e  form  of a small double  peak, 
one on each s i d e   o f   t h e  mean. This was a t t r i b u t e d   t o  a data reduction  channel 
with a low-level 60 cycle  per  second  noise.  



Change in   Corre la t ion   wi th   Dis tance  

Measurements were made during EP V (28 August 1964.) t o  compare t h e  
c o r r e l a t i o n   d a t a  at two d is tances   f rom  the   reac tor .  Two Bruel  and Kjaer 1/4" 
microphones were placed  approximately 50 feet  from t h e   c e n t e r   l i n e  of t h e  
r eac to r   ( a s   nea r  as possible   without   the  microphones  being  inf luenced  by  the 
r a d i a t i o n   e f f e c t s )   a n d  s i x  feet apa r t   i n   t he   d i r ec t ion   o f   p ropaga t ion .  The 
r e s u l t s   i n d i c a t e  a much smaller c o r r e l a t i o n   t h a n   t h a t  at 110 f ee t .   F ig .  30 
ind ica t e s   t he   app rox ima te   d i f f e rence   i n   t he   co r re l a t ion   func t ion   p ro j ec t ed  on 
t h e  time ax i s .  This  smaller deg ree   o f   co r re l a t ion  i s  a t t r i b u t e d   t o   t h e  much 
greater apparent spatial  d i s t r ibu t ion   o f   t he   sound   sou rce  a t  t h e   c l o s e r   n e a r - f i e l d  
measurements.  The d i f f e r e n c e   i n  time d e l a y   f o r  maxima i s  due t o   t h e  change i n  
angle of   inc idence   o f   the   microphones   wi th   the   source .  However, it i s  not 
known whether   the   t rend  w i l l  cont inue as t h e   r e a c t o r  i s  approached. 

STRUCTURAL  STUDIES 

D e w a r  Vibrational  Response 

During  the 13 May t e s t ,  a microphone  and  an  accelerometer were mounted 
approximately 2 inches   apar t  on  one  of the  pie-shaped segnents of the  60-foot  
d iameter   spher ica l  D e w a r .  Th i s   s ec t ion   o f   t he  D e w a r  was i n  a d i r e c t ,  " l i n e  o f  
s igh t "   exposure   t o   t he   acous t i ca l   sou rce .  The pie-shaped  segments are b u t t  
welded,   therefore ,   no  appreciable   individual   panel   response was expected.  Hence, 
modal response   o f   the   sphere  was most probable.  An equation  of  motion  for  an 
evacuated  9/16-inch  thick steel  sphere w a s  no t   ava i l ab le ,  s o  the  fundamental 
resonance  frequency  could  not  be  accurately  predicted.   Using  the  empirical   data,  
a power t r ans fe r   func t ion   (TF)  was obta ined  by d i v i d i n g   t h e  power s p e c t r a l   d e n s i t y  
of t h e  acce le ra t ion   response   o f   the   sphere  wall by t h e  power s p e c t r a l   d e n s i t y  
o f   t h e   e x c i t a t i o n .   T h i s   t r a n s f e r   f u n c t i o n ,   p l o t t e d   i n  terms of  dB, i s :  

acce le ra t ion   o f  D e w a r  ( g  / cps )  
10 2 2  

impinging   sound  pressure   [ ( lb / in  ) / cPs ]  

2 
TF = 10 log  1 , i n   d e c i b e l s  

as shown in   F ig .  31. The la rge   response  a t  180 cps is  due t o  a resonance   of   the  
sphe re   (u s ing   sha l low  she l l   t heo ry ,  a fundamental  resonance  of a comparable r i n g  
s t i f fened  hemisphere was c a l c u l a t e d   t o   b e  173 cps ) .  

Test Panel  Response 

During EP V ,  an  attempt w a s  made t o  measure the   r e sponse   o f  a simple 
s t r u c t u r e   t o   t h e  K I W I  R sound  f ie ld .  A simply  supported,  f l a t  aluminum panel  
( 2 '  x 4' x 3/16") w a s  s e l ec t ed .  The s imple  support  w a s  provided by a high 
tempera ture   s i l i cone   rubber   channel   res t ra ined   by   an   angle   i ron  frame. The 
panel  assembly w a s  mounted on f o u r   l e g s   t o  raise t h e  panel approximately  one 



f o o t  off the   g round.   Sur rounding   the   pane l ,   bu t   s t ruc tura l ly   separa te   f rom it ,  
was a shee t  metal b a f f l e .  The purpose   o f   the  baffle was to   r educe   back  
pressures  due t o   d i f f r a c t i o n .  A 3-inch a i r  gap  around  the base o f   t h e  baffle 
ven ted   t he   enc losu re   t o   avo id   s t i f f en ing   t he   enc losed  air. The panel i t se l f  
w a s  c a n t e d   t o   a v o i d   s t a n d i n g  waves between it and   t he   conc re t e   pad ,   and   t o  
achieve  approximately  normal  incidence from the   sound  pressure   rad ia ted   f rom  the  
exhaust ,  see Fig.  32. Two i d e n t i c a l   p a n e l s ,  as described  above, were placed  on 
the   concre te   pad  at approximately 30 feet and  130 feet  from t h e   c e n t e r   l i n e   o f  
t h e   r e a c t o r ,  see Figs.  33 and 34. 

P r i o r   t o   t h e i r   f i e l d   i n s t a l l a t i o n ,   l a b o r a t o r y  tests i n d i c a t e d   t h e  
fundamental   resonance  f requency,   using  both  impulse  and  s inusoidal   exci ta t ion,  
to   be   approximate ly  40 cps. The s tandard   equat ion   for  a simply  supported  panel 
i n d i c a t e d  a resonance  frequency  of 39 c p s .   T h i s   o f f e r e d   v e r i f i c a t i o n   t h a t   t h e  
per imeter   provided a s imple  support  - at least  for   the  lowest   nodes  of  
v ibra t ion .   Us ing  a logarithmic  decay  of a sudden  cessat ion  of  steady-state 
f o r c i n g   f u n c t i o n ,   t h e   t o t a l  damping o f   t h e   p l a t e   a n d  i t s  edge e f f e c t s  w a s  a l s o  
measured   in   the   l abora tory .  A curve i s  shown i n   F i g .  35 i l l u s t r a t i n g   t h e  
r e s u l t s   o f   t h e  t e s t .  

Six  s t ra in-gage  accelerometers  were mounted  on t h e  rear o f   t he   pane l   fo r  
t h e   f i e l d  t e s t :  f ive  accelerometers  were placed  in   one  quadrant  a t  p o s i t i o n s  
c o r r e s p o n d i n g   t o   t h e  maximum d i sp lacemen t s   fo r   t he  f irst  major  uncoupled modes; 
and t h e   s i x t h   a c c e l e r o m e t e r  was p laced   i n   t he   d i agona l   quadran t   t o   check  symmetry 
of  response. A t heo re t i ca l   p red ic t ion   o f   t he   pane l   r e sponse  was made using a 
Green's  Function  equation  of  motion ( r e f .  6 )  and Powel l ' s   jo in t   acceptance  
approach ( r e f .  7 )  by  assuming  ari thmetic  approximations  of  the K I W I  B exhaust 
co r re l a t ion   func t ion .  Only the  Green's  Function  approach is repor ted  upon. 
After i n t e g r a t i o n ,   i n d i v i d u a l  modal responses   and  total   response were c a l c u l a t e d  
(see Appendix D ) .  The r e s u l t s   o f   t h e   t h e o r e t i c a l   a n a l y s i s  were compared with 
t h e   l a b o r a t o r y   a n d   f i e l d  t e s t  r e s u l t s  which  used  s inusoidal   exci ta t ion  f rom a 
noise   source  having a d i f f e r e n t   c o r r e l a t i o n   f u n c t i o n .  Both the   l abo ra to ry   and  
t h e   f i e l d  t es t s  compared f avorab ly   w i th   t he   t heo re t i ca l   p red ic t ions .  The 
t e s t  r e s u l t s   a r e   g i v e n   i n   T a b l e  V I I I .  

To f a c i l i t a t e  compar ison   be tween  the   theore t ica l   p red ic t ions  and t h e  
measured r e s u l t s ,   t h e   t o t a l  rms modal r e sponse   i n  g ' s  was found by t a k i n e   t h e  
h a l f  ower p o i n t s   o f   t h e  power s p e c t r a l   d e n s i t y   o f   t h e  modal vibratory  responses  
( i n  g 3 / cps )  and performing a g r a p h i c a l   i n t e g r a t i o n   t o   g e t  modal mean squared 
g ' s .  The s q u a r e   r o o t   o f   t h i s   q u a n t i t y  compared t o  t h e   t h e o r e t i c a l  rms g ' s  is 
shown in   Tab le  I X .  

The resul ts   of   the   comparison  between  predicted  and  measured  values  are 
somewhat d i s a p p o i n t i n g   i n   t h a t   t h e   l e v e l s  - though  of   the  r ight   magni tude 
(except  at the   h ighe r   f r equenc ie s   where   pe rcen t   c r i t i ca l  damping f o r   t h e   p a n e l  
i s  d i f f i c u l t   t o   m e a s u r e )  - are i n c o n s i s t e n t .  The measured  response  of  the 
fundamental  frequency  of  resonance is low  compared t o   t h e   p r e d i c t e d   v a l u e .  The 
next  frequency a t  which a s t ruc tu ra l   r e sonance   occu r red ,  falls  i n  between  two 
t h e o r e t i c a l  modal f requencies .  One p o s s i b l e   e x p l a n a t i o n   f o r   t h i s  i s  t h e  
resonance   of   the  volume o f  a i r  b e h i n d   t h e   b a f f l e .  When dr iven by s i n u s o i d a l  
exc i t a t ion ,   t he   pane l   r e sponded  a t  88 c p s   i n   t h e   f i e l d   i n s t a l l a t i o n   ( w i t h  



b a f f l e ) ,   b u t   d i d   n o t  do so i n   t h e   l a b o r a t o r y   i n s t a l l a t i o n   ( w i t h o u t   b a f f l e ) .  
The resonance frequency may, t h e r e f o r e ,   b e  somewhat s h i f t e d  by some e f f e c t  
between t h e   p a n e l   a n d   t h e  volume of  a i r  behind it. ( I t   s h o u l d  be n o t e d   t h a t  
t he   exc i t a t ion   spec t rum  f rom  the  K I W I  exhaust i s  t o o  f l a t  i n   t h i s   f r e q u e n c y  
range t o  cause  such a s h i f t   i n  modal response  f requency.)  

One c o n s i d e r a t i o n ,   t h e   d a t a  reveals, is  the   r e l a t ive   magn i tudes  of modal 
response  between  the  accelerometers   located a t  t h e   c e n t e r   o f   t h e  t w o  panels .  The 
o the r   acce l e romete r s ,   l oca t ed  at comparable  posit ions on t h e  two p a n e l s ,   a l s o  
showed c o n s i s t e n c y   i n   t h i s   r e s p e c t .  Fig.  36 shows a power t r a n s f e r   f u n c t i o n  
fo r   t he   acce le romete r   l oca t ed   i n   t he   cen te r   o f   each   o f   t he   pane l s  ( a  t r a n s f e r  
func t ion  similar t o   t h e  one   desc r ibed   p rev ious ly   fo r   t he  D e w a r ) .  The f i g u r e  
c l ea r ly   i nd ica t e s   t he   improved   co r re l a t ion   o f   t he   p re s su res   fo r   t he  far panel  
as compared t o  the   nea r   one   (p red ic t ed  by  comparing t h e   s p a c e  time c o r r e l a t i o n  
a t  50 feet  w i t h   t h a t  at 110 fee t ;  see Fig .  30).  The  power TF a l s o   i n d i c a t e s  a 
g r e a t e r   t r a n s f e r   o f   e n e r a   t o   t h e  f l a t  p l a t e   l o c a t e d  130 f e e t  from t h e  r e a c t o r  
than was evidenced  by  the  spherical  D e w a r  a t  approximately t h e  same d i s t ance .  
T h i s   r e s u l t  i s  t o   b e   e x p e c t e d  when cons ider ing   the   geometr ica l   d i f fe rences   o f  
t h e   s t r u c t u r e s  ( i .  e . ,  s t i f f n e s s ,   s u p p o r t ,   e t c .  1. 

F i l t e r   E f f e c t s   i n   t h e   C o r r e l a t i o n   S t u d y  

I n   a d d i t i o n   t o   t h e  wide-band correlation  studies  performed,  narrow  band 
ana lys i s  w a s  done  using f i l ters in  the  playback  system.  Since it is known t h a t  
f i l t e r i n g  wide  band  data   can  inf luence  the  correlat ion  calculat ions  depending 
on t h e  bandwid th   o f   t he   f i l t e r ,  a s p e c i a l   s t u d y  was performed t o   o b t a i n  a more 
accura te   def in i t ion   o f   th i s   dependency .  Two random no i se   gene ra to r s ,   ope ra t ing  
independently,  were recorded  on two da ta   t racks .   Being   comple te ly   uncorre la ted ,  
wide band   co r re l a t ion   ca l cu la t ions   shou ld   r e su l t   i n   ze ro   co r re l a t ion  a t  a l l  
times. The s l i g h t   f l u c t u a t i o n s   i n   t h e   c o r r e l a t i o n   f u n c t i o n   c a n   b e   c o n s i d e r e d  
the   no i se   o f   t he   sys t em.  As t h e  bandwidth  of  the  data i s  narrowed,  though  the 
d a t a   r e m a i n s   u n c o r r e l a t e d ,   t h e   e f f e c t s   o f   f i l t e r i n g   a p p e a r   i n   t h e   r e s u l t s .  The 
f i l t e rs   used   were   Brue l   and  Kjaer 1/3 and 1/1 octave  band f i l t e r s  which  have a 
r e l a t i v e l y   s h a r p   c u t o f f  (12  dB per  1/3 oc tave ) .  The r e s u l t s   o f   s u c h  a t e s t  a r e  
shown i n   F i g .  37 as an   i nc rease   i n   t he   no rma l i zed   co r re l a t ion   ve r sus   t he  number 
o f   c y c l e s   i n  a f i l t e r  band. 

CONCLUSIONS 

Many cha rac t e r i s t i c s   o f   t he   sound   f i e ld   r ad ia t ed   f rom t h e  exhaus t   o f   the  
K I W I  B nuclear   rocket   have  been  def ined  and compared with  those  of  chemical 
rocke ts .  The f a r - f i e l d   c h a r a c t e r i s t i c s  show the   fo l lowing :  

1. The t o t a l  sound  power r a d i a t e d  by the   exhaus t   o f   t he  K I W I  B w a s  less than  
that   for   chemical   rockets   of   comparable   mechanical  power.  The a c o u s t i c a l  
c o n v e r s i o n   e f f i c i e n c y   f o r   t h e   n u c l e a r   r o c k e t   e x h a u s t  i s  approximately .2% 
which is lower   than   for   chemica l   rocke t   exhaus ts .  
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A new method for   normalizing  sound power spec t r a   i n t roduces  a r e l a t i v e  
s p e c t r a l   d e n s i t y   l e v e l  which success fu l ly  relates t h e   a c o u s t i c a l   d a t a   f r o m  
a va r i e ty   o f  j e t  noise   sources   and shows a s y s t e m a t i c   t r e n d   i n   t h e   r e l a t i o n  
between the  sound power and  the  engine  f low  parameters .  The r e s u l t  is  a 
new technique t h a t  may be u s e d   t o  make reasonably   accura te   p red ic t ions   o f  
sound  spec t ra   over  a wide range of engine  exhaust   condi t ions.  

The generalized  sound  source (20-2000 cps )  was c a l c u l a t e d   t o  be 40 feet 
downstream  of t h e  nozz le   ex i t   p lane  which is  equiva len t   to   approximate ly  
16 nozz le   ex i t  diameters. 

The burning  hydrogen  exhaust  appears t o   i n c r e a s e  t h e  r e l a t i v e   s p e c t r a l  
d e n s i t y   l e v e l s  at low f r equenc ie s   i nd ica t ing   t ha t  t h e  combustion radiates 
a subs tan t ia l ,   bu t   undef ined  amount of  sound  energy  below  150  cps. 

The shapes   o f   t he   spec t r a   fo r   ho t -  and  cold-hydrogen  flows  were similar 
a l though  the  SPL's were h ighe r   fo r   t he   ho t   f l ows .  

The maximum sound power radiated for  both  hot-  and  cold-flows  of  hydrogen 
is  at an angle   o f  71' from t h e  d i r ec t ion   o f   t he   exhaus t .  

The t a l l  tower a t  260 feet (100 nozzle   diameters)  i s  cons ide red   t o   be   i n  
t h e   f a r - f i e l d   f o r  a r e a c t o r   o f   t h e  power l e v e l   o f   t h e  K I W I  B. 

In  t he  nea r - f i e ld ,  t h e  fo l lowing   cha rac t e r i s t i c s   i n   t he   f r equency   r ange   o f  - 
20-2000 cps  were  observed: 

1. The ins tan taneous   d i s t r ibu t ion   of   p ressure   peaks  i s  approximately  Gaussian. 

2. A t  110 fee t ,  t h e  p re s su res   a r e   we l l   co r re l a t ed   ove r  a d i s t ance   l e s s   t han  
1 foo t   i n   t he   d i r ec t ion   o f   p ropaga t ion  and  approximately  12 feet i n  t h e  
h o r i z o n t a l   d i r e c t i o n   t r a n s v e r s e   t o  t h e  d i rec t ion   of   p ropagat ion .  

3. The co r re l a t ion   o f   p re s su res  a t  110 f e e t  is  s u b s t a n t i a l l y   g r e a t e r   t h a n  
co r re l a t ion   o f   p re s su res  a t  50 f e e t  from the   r eac to r .  

4. The 1 / 3  octave  band  spectra  of  four  microphone  channels ( t h e  microphones 
on t h e  120 foot  tower which had the i r   f requency   response   ex tended   to  
25 000 cps)  peaked  below 2000 cps and d i d  not show any r i s i n g   c h a r a c t e r i s t i c  
from 5000 t o  25 000 cps.  
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APPENDIX A 

INSTRUMENTATION SYSTEMS 

Nuclear  Radiation Tests 

The se lec t ion   of   microphones   for   the  K I W I  B acous t i ca l   s tudy  was based upon 
an eva lua t ion   o f   t he i r   pe r fo rmance   i n  a f i e l d  o f   i n t ense   nuc lea r   r ad ia t ion  
(ref.  2 ) .  Bruel  and Kjaer Models 4131,  4134,  and 4136 were used  together  with a 
cathode  follower,  Model 2615. These microphones showed  no degradation  of 
performance  in  a r ad ia t ion   f i e ld   comparab le   t o   t ha t  which exis ted  approximately 
50 feet from t h e  reactor opera t ing  a t  f u l l  power. 

A similar nuc lea r   r ad ia t ion  tes t  w a s  made t o  qualify t h e  microphone 
d i s t r i b u t i o n  box  and i t s  p lugs ,   socke t s ,  and c a b l e s   t o   t h e  same r a d i a t i o n  
environment. The t e s t  w a s  conducted as follows. 

The cathode  followers  and t h e i r  microphone  boxes were p laced   c lose   t o  t h e  
core   o f   the  100 kilowatt  Argonaut  Research  Reactor at UCLA. An e l e c t r i c a l   t e s t  was 
made u s i n g   t h e   v o l t a g e   i n s e r t  method t o  measure  frequency  response (30 t o  8000 c p s ) ,  
ga in ,  and  s ignal- to-noise   level .  The r e a c t o r  was brought t o  a power l e v e l  of 
50 KW where it dwelled  for   10  minutes ,   then power was increased and  remained a t  
100 KW f o r  
du r ing   t he  
A t  m a x i m u m  

To ta l  : 

30 minutes. The input   and  output   vol tages  were  monitored  continuously 
i r r a d i a t i o n .  The air tempera ture   in   the   reac tor   d id   no t   exceed  100'F. 
r e a c t o r  power, t h e   f l u x  rate reached a s t eady   l eve l  a t :  

2 

2 

2 

1.56 x 1011 neutrons/cm  /see:  Thermal 

1.56 x 10l1  neutrons/cm  /sec:  Epithermal 

3.12 x 10l1  neutrons/cm  /sec. 

The tes t  r e s u l t s  were: 

Maximum change i n   s e n s i t i v i t y :  2 0.5 dB at 8000 cps.  
Hum and noise   d id   no t   increase  from  pre-exposure  value. 

Environmental Tests of  Kaman Pressure  Sensor 

During EP V ,  a pressure  gage was used  instead  of  a B and K microphone t o  
measure t h e  sound  pressures  incident on t h e  f la t  panel   placed 30 fee t   f rom  the  
r eac to r .  The pressure  gage was used  because it had  been r ad ia t ion  lthardened" 
( i . e . ,  a l l  meterials used   i n  i t s  cons t ruc t ion   had   h igh   to le rance   to   nuc lear  
r a d i a t i o n )  by the  manufacturer .  The equipment,  manufactured by t h e  Kaman Nuclear 
Corporation, was : 



- Item Model S e r i a l  Number 

Pressure  Transducer 
Oscillator-Demodulator 

K-1200 
K-2000 

84 
A-84 

P r i o r   t o  EP V, an environmental tes t  was conducted on the   p re s su re   t r ansduce r  
i n  t h e  Douglas Dynamics Laboratory. The r e s u l t s  of t h e  test  i n d i c a t e d   t h a t   t h e  
u n i t  had a frequency  response (2 2 dB from 20 t o  5000 c p s ) ,   l i n e a r i t y  (+ 1 dB t o  
170 dB) ,  and n o i s e   l e v e l   s a t i s f a c t o r y   f o r  i t s  use as a microphone i n  a sound f i e l d  
in   excess   o f  120 dB. However because   o f   t he   Sens i t i v i ty   o f   t he   p re s su re   s enso r  
t o   l o n g i t u d i n a l  and lateral v i b r a t i o n ,  a very  compliant mount w a s  used t o  
support  it over   the  near   panel .  

Microphone Signal  and Power C i r c u i t s  

The microphone s i g n a l  and power ( p l a t e  and f i l amen t )   c i r cu i t s   r equ i r ed  a 
r e l i a b l e  power sou rce   t ha t  would be  unaffected by the   neut ron  and gamma f l u x  
a round   t he   r eac to r   du r ing   ho t   f i r i ngs .  To a c c o m p l i s h   t h i s ,   t h e   s i g n a l  and  power 
d i s t r ibu t ion   sys t em shown schemat i ca l ly   i n   F ig .  A-1 and A-2 was designed  and 
fabr ica ted .  The des ign   of fe red   th ree   advantages :  

1. Only four   regula ted  power suppl ies  are required,   one  plate  and  one  f i lament 
power supply   for   the   near - f ie ld   ca thode   fo l lowers ;  and ano the r   p l a t e  and 
f i lament   supply   for   the   fa r - f ie ld   ca thode   fo l lowers .  

2. The  power s u p p l i e s   a r e   l o c a t e d   i n   t h e   t e s t   c e l l  basement  where  they a r e  
out of  any s ignif icant   nuclear   radiat ion,   h igh  temperature   environment ,  
and  weather. 

3.  Only  one power cable  was r e q u i r e d   f o r   t h e   p l a t e  and f i l a m e n t  c i r c u i t s   f o r  
each  array  of   microphones.   This   technique  reduced  the  s ize  of t he   cab le  
bundle a t  the  tower  base and the   weight  of the   cab le   bundle   to   be   car r ied  
by the   ba l loon .  

Th i s   des ign   pa ra l l e l s  a l l  of  the  cathode  follower filaments i n  one c i r c u i t  
and a l l  of   the   p la tes   in   another .   Res is tance  was p laced   i n   s e r i e s   w i th  each 
f i lament  and  each p l a t e   c i r c u i t  so tha t   the   per formance   of  any cathode  follower 
i s  relat ively  independent   of   the   others .   For   example,  a shor t ed   o r  open f i l amen t ,  
o r   p l a t e ,   i n  any microphone  would  have n e g l i g i b l e   e f f e c t  upon t h e   s e n s i t i v i t y   o f  
any o the r  microphone. 

Each  power and s i g n a l   c a b l e  on the   ba l loon  and tower   a r rays   t e rmina ted   in  a 
microphone d i s t r i b u t i o n  box t h a t  i s  i l l u s t r a t e d  i n  Figs .  6 and A-2 and i s  descr ibed 
below. The o ther   end   of   the   cab les   t e rmina ted   in  a d i s t r i b u t i o n  box a t   t h e   b a s e  
of   the  tower.  From t h i s  p o i n t ,   t h e  power and   s igna l   cab les   were   ins ta l led   in  a 
s tee l   condui t   approximate ly  4 feet below  grade tha t   t e rmina ted  on one  end a t  t h e  
tower   d i s t r ibu t ion  box ( a t  the  tower  base)  and on t b e   o t h e r  end a t  the   en t r ance  of 
t h e   t u n n e l   l e a d i n g   i n t o   t h e   t e s t   c e l l .  The s igna l   cab les   cont inued   th rough  the  
t u n n e l   i n t o   t h e   t e s t   c e l l  basement t o   t h e  Douglas  equipment  racks  and t o   t h e  
tape   recorders .  



The number and  purpose  of   the  cables   instal led are shown i n   F i g .  A-3. The 
t o w e r   d i s t r i b u t i o n   b o x   f o r   t h e   1 2 0 - f o o t   t o w e r   c o n t a i n s   b a r r i e r   s t r i p s   t o   c o n n e c t  
a l l  t h e   s i g n a l   c a b l e s   f o r   s t r a i n  gage  and  accelerometer  circuits  and  near-field 
microphones;   the   tower  dis t r ibut ion  box  for   the  420-foot   tower   contains   barr ier  
s t r i p s   f o r   t h e   l a r g e   t o w e r  and the  bal loon  microphone  arrays.  The a u d i o   c i r c u i t s  
were  grounded t o   t h e  T e s t  C e l l  C instrumentation  ground. The n o i s e   l e v e l  of t h e  
microphone c i r c u i t s  were at least 60 dB below maximum output  on each  channel. A l l  
exposed  cables   located  within 100 f e e t   o f   t h e   r e a c t o r  were wrapped with aluminum 
f o i l   t o   p r o t e c t  them against   thermal   radiat ion  f rom  the  burning  hydrogen.  

Microphone D i s t r i b u t i o n  Boxes 

One end  of a l l  microphone  signal and power c i r c u i t s   t e r m i n a t e s   i n  a 2 1 / 4 "  
X 2 1/4" x 5'' microphone d i s t r i b u t i o n  box. These   enc losures   inc lude   res i s tors  
t o  drop   the   36-vol t   f i l ament   supply   to   6 .3   vo l t s  a t  t h e   t u b e ,  a r e s i s t o r   i n   t h e  
p l a t e   c i r c u i t   t o   o f f e r  a load  i f  t h e   p l a t e   s h o u l d   s h o r t   c i r c u i t ,  and r ecep tac l e s  
f o r   t h e  microphone  and  cable  plugs (see Fig.  A-2). 

The boxes  included a t  1O:l step-down t r a n s f o r m e r   f o r   t h e   s i g n a l   c i r c u i t s  
which  reduced  the  cathode  follower  output  impedance t o  75 ohms. The lower 
impedance  reduced the  high  f requency  s ignal  l o s s  t h a t   r e s u l t s  from the   capac i tance  
due to   t he   l ong   cab le   l eng ths  between t h e  microphone and t he   t ape   r eco rde r .  The 
impedance w a s  stepped  back up t o  750 ohms by an iden t i ca l   t r ans fo rmer   l oca t ed  a t  
t h e  i n p u t   t o   t h e  tape recorder .  

Tape Recorders 

The t a p e  recorders   used   for  t h e  s tudy were two Ampex CP-100's and  two 
Ampex PR-19's. A summary of the  recorder 's   performance  has  been  given i n  t h e  
sec t ion   "Descr ip t ion  of A c o u s t i c a l   T e s t   F a c i l i t i e s . "   P r i o r   t o  each EP o r  t e s t ,  
t h e  CP-100 recorder  was checked  out  using  the Ampex TC-10 FT4 c a l i b r a t i o n   u n i t  
t o   s e t   t h e   c e n t e r   f r e q u e n c y ,   d e v i a t i o n ,  and gain  of  each  channel.  For  each 
channel ,   the   requi red  cain was est imated so t h e  record ing  would be made about 
1 0  d B  below t h e  maximum record   l eve l   for   the   h ighes t   f low  condi t ions .  

These   opera t ions   p receded   the   vo l tage   inser t   ca l ibra t ions  and. t h e  a c o u s t i c a l  
s ens i t i v i ty   checks .  
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Figure A - 1 .  Schematic of Siznal and Power  Distribution  System 
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Figure  A - 3  Tower S i g n a l   a n d  Power Cable I n s t a l l a t i o n  



APPENDIX B 

mTHOD USED TO CALCULATE SOUND  POWEB RADIATED FROM THE K I W I  B EXPAUST 

The sound power r a d i a t e d  from t h e  j e t  exhaust was derived  from  the  SPL's 
measured at each  microphone  position on t h e  420 foot   tower .  The measured  SPL's 
were first c o r r e c t e d   f o r   d i s t a n c e   t o  a hemisphere  having a radius  of 350 feet  
centered  a t  t h e   n o z z l e   e x i t  (see Fie;. B-1).  Next,  the  corrected  SPL's  were 
conve r t ed   t o  an i n t e n s i t y   l e v e l   ( I L  see equat ion 3-31 and mul t ip l i ed  by t h e   a r e a  
of  the  appropriate  zone. The r e s u l t  was the  sound power i n  watts passing  through 
t h e  zone. The t o t a l   r a d i a t e d   s o u n d  power ( i n  watts - see equat ion B-8) was t h e  
sum o f   t h e  power passing  through a l l  of the  zones.  The sound power l e v e l  (PWL) 
i s  given  by  equation B-9. Assuming t h a t   t h e  SPL and   t he  I L  were approximately 
cons tan t   over   the  area of   the   zone ,   the   sound power radiated  out   through zone i 
was 

where Ii i s  the   average  sound i n t e n s i t 5   i n  watts/ft2 o f   t he  ith zone  and A i  i s  
t h e   s u r f a c e  area o f   t h e  ith zone i n   f t  . 

The a rea   o f  a zone  of a hemisphere i s  given by 

where R. i s  the  radius  of  the  hemisphere  and 0 and 8 are t h e   l i m i t i n g  angles of  
t h e  zone shown i n   F i g .  B-1. J k 

The i n t e n s i t y   l e v e l  I L  was ca l cu la t ed  by us ing   the   approxi rca te   ident i ty  

I L i  A SPLi ( d B )  (B-3 

where  spLi = average   sound  pressure   l eve l   over   the  ith zone i n  dB r e  0.0002 
dynes /cm2. 

Th i s   r e l a t ion  is  a c c u r a t e   t o   w i t h i n  0.5 dB f o r  most  ambient  conditions. 
By d e f i n i t i o n ,   t h e   i n t e n s i t y   l e v e l  ( I L i )  i s :  

ILi  = 10 loglo I Ii 

ref 
( d B )  (B-4 

where 

t h e r e f o r e  

= watts/cm2 10-~3 watts/ft 2 'ref (B-5 
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Figure  B-1 

and SPLi - 130 

w .  A 10  ( C O S  e - cos e,) (watts) 
1 j (B-7 

The t o t a l  sound power rad ia ted   th rough  the   hemisphere  i s :  

n 
w = (watts) 

i=l 

where n i s  t h e  number of   microphone   pos i t ions   used   for   the   ca lcu la t ion .  The 
sound power level  is  given  by 

W PWL = 10 log - - - 10 loglo (dB) 
lo 'ref i =1 

and Wref = lo-'' watts. 
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APPENDIX C 

CALCULATIONS OF EQUIVALENT  EXHAUST VELOCITIES 

The equat ions and assumptions  used i n  t h e  method f o r   c a l c u l a t i n g  V and a 
diagram of t h e  K I W I  B nozz le ,   wi th  a l i s t  of assoc ia ted   parameters ,  are shown 
be low : 

eq 

e 

Measured Data: 

G = gas  weight  flow ( l b / s e c )  

P = pressure  - plenum ( l b / in2 ,   abso lu t e )  

T = gas temperature  - plenum (OR) 

At = n o z z l e   t h r o a t  area ( i n  1 2 

A = n o z z l e   e x i t  area ( i n  1 2 
e 

Gas ‘Proper t ies  : 

R = gas  constant  ( ft-lbf/lbm-OR ) 

k = r a t i o  of s p e c i f i c   h e a t s  

OF EXHAUST 

Notes: k and R are assumed t o  have  constant  values.   Static  pressures  and  tempera- 
t u r e s  are designated by lower  case l e t te rs .  Total   pressures   and 
temperatures  are designated by upper  case l e t t e r s .  

43 



The equations  for  one-dimensional  compressible flow were obtained  from 
ref. 9. It was assumed t h a t   t h e r e  are no l o s s e s   i n   t o t a l   p r e s s u r e  and t o t a l  
t empera ture   th roughout   the   nozz le .   F i r s t ,   ca lcu la t ions  were made t o   a s c e r t a i n  
t h a t   t h e   n o z z l e   t h r o a t  was choked and, t he re fo re ,   son ic   f l ow  cond i t ions   ex i s t ed  
at t h e   t h r o a t .  The flow rate  and cas temperature  were used t o  c a l c u l a t e   t h r o a t  
t o t a l   p re s su re .   Fo r   son ic   f l ow a t  t h e   t h r o a t  ( i . e .  , f o r  a ?4ach number equal  t o  
u n i t y ) ,   t h e   g e n e r a l   r e l a t i o n  among t h e   v a r i a b l e s  T ,  P ,  and A 

= C ( c o n s t a n t   f o r  a s p e c i f i c  k) (1) 1 

RearrangiRg  and  solving for t he   p re s su re   g ives  

The p r e s s u r e   r a t i o   r e q u i r e d  for isentropic ,   one-dimensionel   expansicn from 
t h e   t h r o a t   t o   t h e   e x i t  was obtained from t h e   r e l a t i o n  

by so lv inz  for p,/Pt us inq  .\,/At = 11.85. Note t h a t  t h i s  i s  t h e   r a t i o  of  s t z t i c  
pressure  at t h e   n o z z l e   e x i t  t o  t h e  t o t a l   c r e s s u r e  a t  the t h r c a t .  

F o r  t h e  KIWI 3 nozzle ,   wi th  a f i x e d  area r a t i o  an6 for a given  va.lue of k ,  
we have  pe/Pt = C2, and t h e  s t a t i c  p r e s s u r e  in   the   one-d imens iona~ f10-d region 
a t  t h e   e x i t  i s  pe = C2Pt. 

; laving  es tabl ished t h e  values for pe/Pt   us ing   sn   i t e ra t ive  prOcec:urC,  2nd 
f o r  Pt from equat ion (2), t h e  Mach nuxber (Me) and  ve loc i ty  a t  t h e  e x i t  ( ‘ J c )  
were obtained by the   fo l lowing   equa t ions :  

where  ce i s  the   speed   of  sound i n   t h e   f l o w  a t  t h e   e x i t .  T!lis i s  r e l a t e d   t o   t h e  
temperature   of   the  gas by 
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Assuming t h a t  T = T t ,  w e  have e 

-e 

The r e l a t i o n  between  temperature  and  pressure is given  by 

and  equation  (6b) becomes 

S o l v i n g   f o r   t h e   p r e s s u r e   r a t i o   i n   e q u a t i o n  (4) a n d   i n s c r t i n E   t h i s   v a l u e   i n t o  
equa t ion   (6d ) ,  w e  ob ta in  

F o r  three-dimensional flow cond i t ions ,   t he   nozz le   des ign   p re s su re   r a t io   fo r  
complete  expansion t o   t h e  e x i t  i s  

pe/Pt = 0.0117 ( 8 )  

and t h e   s e p a r a t i o n   p r e s s u r e   r a t i o  i s  

pS/pa = 0.35 

where ps i s  t h e   s t a t i c   p r e s s u r e  measured at the   nozz le  wall where t h e  flow 
sepa ra t e s ,  and  pa is  ambient   pressure.   Since  the  nozzle  w i l l  have  an  overexpanded 
flow at  t h e  t e s t  s i t e ,  t h e  f l o w  s t a t i c   p r e s s u r e s  a t  t h e  e x i t  ( p , )   f o r   t h e  one- 
dimensional  and  three-dimensional  regions were less than p However, flow 
sepa ra t ion   i n   t he   nozz le   does   no t   occu r   un le s s  pe i s  less tnan ps. The e f f e c t s  
of f low  separat ion are discussed l a t e r  and V i s  calculated  assuming  the  f low 
d id   no t   s epa ra t e .  

a: 

eq 

The p r e s s u r e   r a t i o   f o r   t h e   t h r e e - d i m e n s i o n a l  f l o w   w a s  used i n   e q u a t i o n  ( 4 )  
t o   o b t a i n   t h e  Mach number at t h e   e x i t ;   t h e   v e l o c i t y  a t  t h e  e x i t  f o r   t h e   t h r e e -  
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dimensional   condi t ion was then   ob ta ined  

The i d e a l   t h r u s t  of t h e   e n g i n e   i n  
by 

GV 

F idea l  g 
= -  e +  

from  equation ( 7 ) .  

terms of nozz le   ex i t   pa rame te r s  is  given 

(pe - pa)Ae ( l b )  

o r ,   i n  terms of   equivr i lent   veloci ty ,   by 

The ex i t  v e l o c i t y  and pressure  for   unseparated,   one-dimensional   and  three-  
dimensional  f low  conditions were i n s e r t e d   i n t o   e q u a t i o n  ( l o a )  t o   o b t a i n  a va lue  
o f   t h rus t   fo r   each   cond i t ion .  The co r re spond ing   equ iva len t   ex i t   ve loc i t i e s  
were then   ca lcu la ted  by us ing  f i rs t  the   t h rus t   fo r   t he   one -d imens iona l  and then 
the  three-dimensional   values ,   us ing 

Thus,  two  values were ob ta ined   fo r  Veq. S ince  the  values   were  very  c lose 
and   bo th   f low  reg ions   ex is ted   in   the   nozz le ,   they  were averaged t o   e s t i m a t e   t h e  
ave rage   d i f fused   f l ow  ve loc i ty   fo r   t he   cond i t ions   where   f l ow  s t a t i c   p re s su re  was 
equal  t o  ambient  atmospheric  pressure. 

Flow Separat ion 

A check fo r   f l ow  sepa ra t ion  was made i n  each  case by comparing t h e   s t a t i c  
pressure  a t  t h e   e x i t  (p , )   ( ca l cu la t ed   u s ing   t he   t h ree -d imens iona l   p re s su re   r a t io )  
w i th   t he   s epa ra t ion   p re s su re   (p , )  , see equat ions ( 8 )  and. ( 9 ) .  I f  pe was l e s s  
than ps,  s epa ra t ion   occu r red   i n   t he   nozz le .  The calculations,   however,   were made 
a s s w i n g   t h a t   s e p a r a t i o n   d i d   n o t   o c c u r ,  and t h e   e x i t   p a r a T e t e r s  and V were 
obtained  f rom  equat ions (41, ( 7 1 ,  and (11). ecl 

Next, t h e   r a t i o  ?s/Pt was i n s e r t e d   i n t o   e q u a t i o n  (4) t o  estimate a Mach 
number i n   t h e   p l a n e   o f   s e p a r a t i o n  i n  t he   nozz le .  

The parameters   for   the   separa ted   f low were t h e n   i n s e r t e d   i n t o   e q u a t i o n s  (10) 
and (11) t o   e s t i m a t e  a v a l u e   f o r  V This  is  r e a s o n z b l e   s i n c e   t h e  unknown va lue  
for t h e  area o f   t h e   s e p a r a t i o n   p l a n e ,   t o  be used i n   e q u a t i o n  (lo), would 
probably  not be s i g n i f i c a n t l y  less than Ae. 

eq 

F i n a l l y ,   t h e   v a l u e   f o r  Veq estimated fo r  the   s epa ra t ed   ca se  and t h e  V, 
value  calculated  for   the  unseparated,   one-dimensional   and  three-dimensional  h o w  
condi t ions  were averaged t o   o b t a i n  a r e p r e s e n t a t i v e  V for the   exhnus t  flow 
( t h e s e   t h r e e  numbers are wi th in  1 0  percent   o f   each   o ther ) .  The estimated accuracy 
o f   t h e   v a l u e  V based on d a t a  measured  during  each t e s t ,  i s  2 19 percent .  

eq 

eq ’ 
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Xechanical  Stream Power o f   t h e  J e t  Exhaust 

Using the   va lues   o f  V and   t h rus t  P ,  as der ived  above,  t h e  ncctlanical power 
Wm was ca lcu la t ed   u s ing  t h e  r e l a t i o n s h i p  eq 

W = 0.67’8 FV (wa t t s )  
m eq 

Summary of Engine  Flow  Paraneters 

An u n c l a s s i f i e d  summary of   the   exhaus t   f low  parameters   for  rnaximun gas 
flows,  including  mechanical power anci V f o r  t h e  EP’s  of 8 and 2 1  August 1?63, 
t h e  9 January 1964 CF Tes ts ,  and t h e  power runs  of  13 May and 28 August 1961+, is eq 

p r e s e n t e d   i n   T a b l e  VII. A more comple te   t abula t ion  i s  a v a i l a b l e  i n  a c l a s s i f i e d  
appendix t o   t h i s   r e p o r t .  The August 1963 ve loc i t i e s   have   no t   been   ca l cu la t ed  
s ince   t he   f l ows  were t o o  low  and separat ion  occurred  deep  within t h e  nozzle.  
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APPENDIX D 

CALCULATION OF PANEL RESONANCE - DYER’S APPROACH 

To ana ly t i ca l ly   app rox ima te   t he   r e sponse   o f   t he   f l a t   p l a t e   p l aced   i n   t he  
a c o u s t i c   f i e l d  at 130 feet from t h e  K I W I  B engine,   the   equat ion  of   motion  given 
by I. Dyer i n  ref. 8 was used.  Laboratory  measurements of the  fundamental  
resonance   of   the   p la te   ind ica ted   tha t   the   mount ing   provided   s imply   suppor ted  
boundary  condi t ions  of   the   edges.  The fo l lowing   equa t ions   desc r ibe   t he   p l a t e  
displacement   correlat ion as 

2 mnx s i n  L 
m ,n=1 Y 

2 ma x 
0 

nayo I -a (t-to) [ 1/2 s i n  - s i n  - e 
LX 

L 
( LxLy 1 Y 

Here the  uni t   f ’unct ions U ( t )  are = 0 when t < to o r  t ’  < t: 
= 1 when t > t o r  t ’  > ti 

0 

The o t h e r  symbols are as fol lows:  
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<.. . > = 

P =  

<w.w*> = 

x, Y = 

* =  

w o r w  = mn P9 

M =  

L L  = 
X Y  

1 

m, n,   P '  q = 

a o r a  = mn P9 

@(xo - x;) = 

B =  

t h e  time average 

t h e  m e a n  squared   pressure  at t h e  modal  frequency for s i n u s o i d a l  
e x c i t a t i o n  o r  t h e  power spectral density amplitude times t h e  
effective bandwidth f o r  random e x c i t a t i o n  

mean square  displacement of t h e   n e u t r a l   p l a n e  of t h e   p l a t e  

s p a t i a l   l o c a t i o n s  of a n   a r b i t r a r y  poin t  on t h e  plate 

complex eon j ugat e 

modal f requencies  

mass p e r  unit area 

d imens ions   o f   the   p la te  

modal s u b s c r i p t s  

t h e  modal  damping coe f f i c i en t   i nc lud ing   bo th   v i scous  and h y s t e r e t i c  
damping, related t o   t h e   r a t i o   o f   v i s c o u s  damping t o   c r i t i c a l  
damping ( C / C c )  by: 

some s p a t i a l   c o r r e l a t i o n   f u n c t i o n   o f   t h e   e x c i t a t i o n   i n   t h e  x 
d i r e c t i o n   ( a s s u m i n g   p e r f e c t   c o r r e l a t i o n   i n   t h e  y d i r e c t i o n )  

t h e  rate of  decay  of t h e  maxima o f   t he   t empora l   co r re l a t ion  when 
the   space  time co r re l a t ion   func t ion  i s  pro jec ted   on   the  time a x i s  

iJow i f  it is assumed t h a t  t h e  modes are uncoupled  and  thereby  independent 
( m  = p and n = q )  and i f  w e  u t i l i z e   t h e   f o l l o w i n g   e q u i v a l e n c e :  

16 s i n  - s i n   s i n  - s i n  mn x  mnx' nay ' 
L L L 

X 
L 

B =  X 

X Y  

(w i th   t he   unde r s t and ing   t ha t  t h e  summation  and in tegra t ion   processes   can  be 
in te rchanged) ,  w e  can   therefore  wr i te  f o r   t h e  modal response: 
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Since   t he  analysi  
time c o r r e l a t i o n  

expression I # ( x  
0 

.s necessa ry   t o   i den t i fy   t he   ma themat i ca l   exp res s ion  of the   space-  
f o r  t h e  K I W I  B sound  fi 'eld was n o t   t h i s   s t u d y ,   t h e  

- x;) 1 i s  approximated  by  an  exponential e , such a 

c o r r e l a t i o n   f u n c t i o n   b e i n g   a p p l i c a b l e   t o  a s t a t i o n a r y   f i e l d ,  and  which  lends i t s e l f  
t o   i n t e g r a t i o n .  T h e  cc r r e l a t ion   func t ion ,   wh ich  fits t h e  data reasonably well 
represents  a decreasing  spectrum  shape  near   the modal frequency. The e r r o r  
introduced by th i s   approximat ion  i s  small. 

assumed i n s t e a d  o f  

O r 7 (  

I 

The f i r s t  doub le   i n t eg ra l  becomes [l - ( - l ) n ] 2 / k  and  thereby  excludes  the modes 
where n i s  even. The second  in tegra l   can   be   wr l t ten  r? 

+ s i n  k,x: J : " ~ ~ o s  kmXoe -4 x. I 
-X I 

0 

because of t he   abso lu t e   va lue   s ign  on X. i n   t h e   e x p o n e n t i a l ,  two a d d i t i o n a l  terms 
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r e su l t .   Expans ion ,   i n t eg ra t ion   and   co l l ec t ion  of terms yields 

LX 

0 s i n  k m o  x '  + 2 a  /.,in2 kmxA 

0 

-aLx -aL 
0 s i n  k x '  [ae s i n  k  L + kme X cos kmLx I m o  m x  

w i t h   f u r t h e r   i n t e g r a t i o n ,   a n d  s i n  kmLx = s i n  mn = 0 ,  

- - 1 

I2 ( a2 + km 2, ILxa  + a 2 + km 2 

It  i s  i n t e r e s t i n g  t o  n o t e   t h a t  i f  a Delta f u n c t i o n   o f   t h e  sort 5(xo - xi) had  been 
used   ins tead  of t h e   e x p o n e n t i a l ,   t h e   r e s u l t  would  have  been  even s i n p l e r .  

The t h i r d   d o u b l e   i n t e g r a l   ( i n v o l v i n g  t ime) ,  a f te r  i n t e g r a t i o n ,   c o l l e c t i o n  of terms, 
and   s impl i f i ca t ion ,  can be shown t o  be t he   fo l lowing :  

-a mn e 'l(-amn - B )  cos w + w s i n  
41 = mn mn 

3 2 2 1 - 1.+ B 
(a + B ) ~  + W mn  mn 

-a T 

~e - mn (-arn - 8 )  s i n  u m n ~  - w mn cos W m n ~  

(am + B ) ~  + w 
2 1 

mn 

w 2  mn e -amnT [ (-arn + 6 )  cos %nT + ~ m n  

"'mn 
- 2  

B ( B  + wm:) (-amn + B ) *  + 
2 



To g e t   t h e  mean squared  displacement at a s i n g l e   p o s i t i o n  on t h e  f la t  p l a t e ,  
X = x'   and T = 0. For t h i s   s p e c i a l   c a s e ,   t h e  t o t a l  mean squared  displacement 
becomes 

s i n 2  k x s i n  2 
m 

2 2 2  2 
Y 

M Lx L urn 

Y 

To compare with  experimental ly   measured  accelerat ion  levels ,   values  for  all t h e  
v a r i a b l e s  were found  experimental ly   and  the mean squared  displacement  found  for 
each  accelerometer   locat ion  for   each mode. This was converted t o  a z e r o   t o  peak 
a c c e l e r a t i o n  by t h e   r e l a t i o n s h i p   t h a t  

Celgrms = J D i s p l   ( 0 . 1 0 2  f 2 )  8weff = 2.6 x d- urn 8weff 2 
Pk-Pk 

i f  < I r - w * > i s  i n  feet  squared  and Bw i s  the   e f f ec t ive   bandwid th   o f   t he  random ef f 
exc i ta t ion   which  is  c o n t r i b u t i n g   t o   t h e  modal response.  8weff is  given  by 

w n m n  C 
mnc 8Weff - 2 Q 

"" - nu - 
C 

The ca l cu la t ed   va lues  f o r  a c c e l e r a t i o n  at t h e  two l o c a t i o n s   o n   t h e   p l a t e  are given 
i n   T a b l e  I X .  
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Engine 

TABLE I.- SCHEDULE  OF  ELECTRICAL  CALIBRATIONS 

DURATION OF  CALIBRATION  SIGNAL - 5 SECONDS  AT  EACH  FREQUENCY 

EP Date 

KIWI  B-bB/CFT 

KIWI  B-bB/CFT 

High Flow 
Acoustical  Test 

KIWI B-4D-202 

I 

11, I11 

IV 

V 

8 August 1963 

21 August 1963 

9 January 1964 

13 May 1964 

28 August 1964 

Microphone 
Positions 

1-12 

1-12 

1-10 , 12-19 

1-51 , 15-20 , 
21-26 , 
11-14 
17-19 

2, 4, 5 
6-9, 20 
17-19 , 28-30 

Type of 
Calibration 

Calibration 10-10 K 

Calibration 10-10 K 

Calibration 10-10 K 

Calibration 200-25 K 
Calibration 200-25 K 
Phase  Calibration 

Calibration 20-18 K 
Calibration 10-10 K 
Phase  Calibration 

Calibration  Frequencies  in cps 

Calibration 30-18 K: 1 K, 30,  50,  100,  500,  1-2-4-6-10-15-18 K 

Calibration 10-10 K: 1 K, 5 ,  10, 20,  50, 100, 500,  1-2-4-6-8-10-15 K 
Calibration 200-25 K:  1 K, 200, 250,  300,  500,  1-2-4-6-10-15-20-25 K 

Phase  Calibration  Applied 1 K ,  10, 20,  50, 100, 150, 200--in 50 cps 
to Groups of 2 , 3, or 4 increments to 1 K, 1.1 K, 1.2 K--in 100 cps 
Microphones  Simultaneously: increments to 2 K, 2-3-6-8-10 K 1 
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TABLE 11.- K I W I  B-4D COLD FLOW  TEST 

GN- and GH2 
2 

Test Dates: 8 and  21 August 1963 

Recorder 
Channel 

1 

2 

3 

4 

. 5  

6 

7 

8 

9 

10 

11 

12  

M i  crophone 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Frequency 
Response 

i n  cps 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

10-10 K 

S e n s i t i v i t y  
f o r  Maximum 
Record  Level 

1 4 1  dB 

1 4 1  dB 

1 4 1  dB 

1 4 1  dB 

1 4 1  dB 

1 4 1  dB 

1 4 1  dB 

1 4 1  dB 

i 4 1  dB 

Location 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

420 f t  Tower 

Height Above 
Ground 
i n   f e e t  

410 

360 

310 

260 

210 

160 

110 

60 

'1 0 

1 4 1  dB 500 rt on ground 1 

151 dB 190 f t  Tower  50 

151 dB 120 f t  Tower 25 
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TABLE 111. - HIGH  GAS  FLOW  ACOUSTICAL TEST 
GH2  and  GHe 

Test  Date: 9 January 1964 

Recorder 
Channel 

(1 

2 

3 
4 
5 

* 6  
a". 7 
E 8  
E 9  

k 

k 

a, 

10 

11 

12 
- 13 
14 

Microphone 
Number 

Frequency 
Response 
in  cps 

Not  Used 

2 10-10 K 
3 10-10 K 
4 10-10 K 

5 10-10 K 
6 10-10 K 

7 10-10 K 
Spare 

9 10-10 K 
10 10-10 K 

Timing  Channel 

12 10-10 K 

13 10-10 K 
14 10-10 K 

15 10-10 K 
Accelerometer No. 1 

16 10-10 K 
8 10-10 K 

Accelerometer No. 3 
Accelerometer  No. 4 
Accelerometer  No. 5 

17 10-10 K 
Accelerometer No. 6 

18 10-10 K 
Timing  Channel 

19 10-10 K 
Spare 
1 10-10 K 

Sensitivity 
for  Maximum 
Record  Level 

145 dB 
145 dB 

161 d~ 

161 d~ 

161 d~ 

181 d~ 

181 dB 

147 dB 

Height  Above 

in  feet 
Location  Ground 

420 ft  Tower  360 
420 ft Tower  310 
420 ft Tower 260 
420 ft  Tower 210 

420 ft  Tower 160 
420 ft  Tower 110 

420 ft Tower 10 

520 ft from  engine 
on  ground 

120 ft Tower 75 
120 ft  Tower 50 
120 ft  Tower 25 

Test  Cell  Face 

3 ft  below  mike 15 
420 ft  Tower 60 

161 d~ Test  Cell  Pad 

161 d~ Test  Cell  Pad 

161 d~ Test Cell. Pad 

156 d~ 420 ft  Tower 410 



TABLE 1V.- K I W I  B-4D FULL  POWER RUN 

T e s t  Date: 13 May 1964 

Recorder 
Channel 

r 1  

2 

3 
4 

5 
4 6  

d ,  7 

a 9" 

k 

k 
8" 

aJ 

10" 

11" 

12 

13' 
\ 14" 

r 1  

2 

3 
4 

5 
F 9 6  

7 
k aJ a 
kd 
CJ 

10" 
9" 
8" 

11" 

12" 

13" 

aJ 
P; 

~ 14* 

Microphone 
Number 

Frequency 
Response 

i n  cps 

1 5  10-10 K 
21 10-10 K 

Spare 

22  10-10 K 

23 10-10 K 

24 10-10 K 

25 10-10 K 
1 7  10-10 K 

Accelerometer 

18 10-10 K 
20 10-10 K 

19 10-10 K 
26 10-10 K 

Timing  Channel 

1 10-10 K 
2 10-10 K 

3 10-10 K 
4 10-10 K 

5 10-10 K 
6 10-10 K 

7 10-10 K 
8 10-10 K 

9 10-10 K 

Timing  Channel 

11 300-20 K 
12 300-20 K 
13 300-20 K 
14 300-20 K 

S e n s i t i v i t y  
f o r  M a x i m u m  
Record Level 

161 d~ 
1 4 1  dB 

141 dB 

1 4 1  dB 
141 dB 
141 dB 

161 d~ 

3 g  
161 d~ 
1 5 1  d~ 
161 
1 4 1  dB 

1 4 1  dB 
1 4 1  dB 
1 4 1  dB 
1 4 1  dB 
151 dB 

1 5 1  dB 
1 5 1  d~ 
151  dB 
151 dB 

1 5 1  d B  
151 d B  
151 dB 
151 dB 

Height Above 

i n  feet  
Location Ground 

Test Cell  Face 

Top of  Balloon  Array 580 

Balloon  Array 480 
Balloon  Array 380 
Balloon  Array 280 
Balloon  Array 180 

Test Cell  Pad 111 

LH D e w a r  

Test Cell  Pad 115  
Dewar  Mike 

T e s t  Cell Pad 117 
Balloon  Array 80 

2 

420 f t  Tower  410 

420 f t  Tower 360 

420 ft Tower  310 

420 f t  Tower 260 

420 ft Tower  210 

420 f t  Tower 160 

420 f t  Tower 110 

420 f t  Tower 60 

420 f t  Tower 10 

120 f t  Tower 100 

120 f t  Tower 75 
120 f t  Tower 50 

120 f t  Tower 25 

* Indicates   recorder   channels  on monitor  scopes. 
~ ~~ ~ 
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TABLE V.- KIWI  B-4E FULL  POWER RUN 

Test  Date: 28 August 1964 

Recorder 
Channel 

Microphone 
Number 

1 

2 

3 

4 

5 

6 
7 
8 

9 
10 

11 

12 

1 3  

1 4  

k 

a, 
ffi 

29 

20 

30 

21 

22 

6 
7 
17 

9 
18 

8 

19 

Frequency 
Response 

i n   c p s  

10-10 K 

10-10 K 

10-10 K 

10-10 K 

Microphone 
Evaluation 
Channel" 

10-10 K 
10-10 K 
10-10 K 
10-10 K 
10-10 K 

10-10 K 
10-10 K 

S e n s i t i v i t y  
f o r  M a x i m u m  
Record Level 

161 d~ 
161 d~ 

161 d~ 
170 dB 

1 4 1  dB 
151 d~ 

161 d~ 
1 4 1  dB 
161 d~ 

151 dB 
161 d~ 

Timing  Channel  (?-second T i m e  Code) 

28 10-10 K 161 d~ 

2 30-18 K 1 4 1  dB 
4 30-18 K 1 4 1  d B  

5 30-18 K 1 4 1  dB 
Microphone Evaluation  Channel* 

Height Above 

i n  feet 

Pad - 50 f t  from  Reactor 

Over Panel at 130 f t  

Pad - 56 f t  from  Reactor 

Kaman Mike over  Panel,  
30 feet from Reactor 

Location Ground 

420 f t  Tower 160 
420 f t  Tower 110 

Pad - 110 f t  from  Reactor 

420 f t  Tower 10 

Pad - 110 f t  9 i n  from 
Reactor 

420 f t  Tower 60 

Pad - 120 f t  from  Reactor 

Pad - 4 ft from Mike 19 

420 f t  Tower  360 

420 f t  Tower 260 

420 f t  Tower 210 

* Denotes a t e s t   t o   e v a l u a t e   r a d i a t i o n   e f f e c t s .  



TABLE V I . -  METEROLOGICAL  DATA FOR KIWI B ACOUSTICAL TESTS 

Activity 
of Day  and  Date 
Time 

EP I 0900 
1000 

1100 
1200 

1300 
1400 

8/8/63 

Wind  Conditions 
Speed (mph) Direction 

5 -  9 2 39O 
7 - 12' 247O 
9 - 23*  208O 
12 - 21' 196O 
11 - 21* 212' 
8 - 22* 211O 

Outside Air 
Temperature OF 

100 

102 

104 
104 

106 
106 

% Relative 
Humidity 

19 
18 
18 
17 
17 
17 

EP I1 & 

15 82.5 4.9 2 46O 0900 8/21/63 
I11 

16 80.6 7.2  288' 0800 

1000 

11 93.2 8.4 2 30' 1200 

12 91.7 8.9  199' 1100 
13 86.9 5.3 268' 

KIWI B 
High Flow 
Acoustical 

Test 
1/9/64 

0900 

1000 

1100 

1200 
1300 
1400 
1500 

0 "- 
2 360' 

5 306' 
6 255' 
3 225* 
4 221O 

4 241' 

30 
36 
40 

42 

42 
42 
40 

20 

18 
16 

15 
15 

15 
15 

EP IV 18 80 13 225O 1000 
5/13/64 1100 16 80 13 220' 

EP V 1200 

13 82 8 "- 1300 8/28/64 

14  82 8 "- 

* Sporadic Gusts 

59 



TABLE V I 1  

1 Comparison of  Engine  Performance  Parameters 

Diameter 
Nozzle 

rt 
Jeight Flow 

E ~ ~ : ~ ~ : ~ ~ t  
f t / s e c  

Exhaust Density 
l b s l f t 3  Ratio ( e f r )  R 

Density Gas Constani 

P e f f / P a  ft-lb/lb-'R lbs/sec 

/ 

Mach 
No. Notes Rocket  Engine Tz:: 

vat ts 

--- 1% KIWI  B-&B/CF 
GN2 8-8-63 .153 Simulated  Nozzle 

Simulated  Nozzle 

Gas E x i t  
Temperature 490'R 

/ 69 I I I 

2.5 

--- I 179 

KIWI B-LBICFT 
3N2 8-21-63 

GH2 8-21-63 

--- I 168 

Gas Exit  
Temperature  530% 2.5 

---"- 
2.5 4.2 I Temperature 465% 

Gas Exit  K I W I  B H i g h  

1-9-64 

KIWI B High 

1-9-64 

I 

i 1 Gas Exit  
3'3 1 Temperature  533% 2.5 

KIWI B-4D Pover 
R u n  5-13-64 38 300 3.7 1 2.5 17 900 

19 500  0.72 x 
KIWI B-4E Pover 41 750 
R u n  8-28-64 3.7 I 2.5 

Model Rocket. 
CHe (Hot 1 250 t 3.12 Plenum Temperature 

1560% .12 +- Rocket'* C 100 OOC 

48 40C 

X 38.7 x 

15 x X 

F 1 34 OOC X X I x  I 14.6 x lo-' I .1910 I 62 15.7 x lo7 I 190 

H I 500C 2.2 x lo7 1 176 

x Class i f ied  
From Reference 4 

** From Reference 3 



TABLE V I I 1 . -  COMPARISON OF PREDICTED AND MEASURED PANEL RESPONSE TO 

SIMUSOIDAL EXCITATION 

Data from  Center  of  Panel Only 

U P I  

H 
fi 

0.115 

0.15 

0.085 

0.19 
0.19 

0.22 

- 
0.26 
0.44 

0.30 

0.315 

0.916 

0.107 

0.169 
0.30 

0. i 19  

0.44 
0.34 

0 * 295 

I 

al 

39 

62 

0.322 

Not 
Excitable 

Not Predictable 

0.095 

Not 
Excitable  

0.0625 

0.108 

61 

I 



TABLE 1X.- COMPARISON OF MEASURED AND PFEDICTED  RESPONSE OF TEST  PANEL 

AT 130 FEET TO RANDOM EXCITATION 

Accelerometer 
Location 

I 

5 

Measured 
Frequency 

in   cps  

35 

35 

54 

84 

88 

190 

190 

2 80 

265 

380 

380 

Measured 
Modal g ’ s  rms* 

0.323 

0.177 

0.215 

1.58 

0.78 

1.1 

0.6 

1 . 2  

1.06 

0.71 

0.68 

Predicted 
Modal g ’ s  rms 

Ref.  Appendix D 

0.352 

0.176 

not   exc i tab le  

0.68 

0.345 

1 .31  

0.655 

6.0 

3.0 

Y 
System corrections  have  been  included  to  account for  a roll off  i n  system 
sensi t ivi ty   versus   f requency.  

62 



TABLE Xa. - SOUND PRESSURE LEVELS - KIWI B 4B/CF 

Simulated  Nozzle Test 

EP I August 8, 1963 Propellant:  Gaseous Nitrogen at 85 lbs/sec 

Octave Band 
Center Frequency 

( cps 1 

63 

12 5 

2 50 

500 

1000 

2000 

4000 

8000 

10000 

Overall SPL 

t- 
Microphone Locations: 420' Tower 
1 2 3 4 5 6 7 8 9 

100 103  103 107 108 110 l o 9  108 112 

102 104 107 110 110 112 112 112  112 

103 105 107 108 110 112 113 115 108 

104 107 107 108 111 115 116 117 116 

101  105 107 108 111 114  116 118 115 

100 105 108  108 110 113 116 116 116 

98 98 99 99 102  104  108  109  108 

95 98 100 101 100 "- "-  "- "- 
"- "- -" "-  "- "- "- "- "- 

110 113 115 116 118 121 122 123 122 

10, 

106 

106 

105 

108 

lo9  

103 

94 

89 

"- 

1 1 4  
- 

2 :m 

120' Tower 
11 1 2  

115 119 

120 121 

121 126 

125 128 

127 129 

124 124 

119 121 

116 117 

107 108 

132 134 

I 

* 
Located on ground i n  l i n e  with  towers at 520 f ee t  from nozzle   center   l ine.  



TABLE Xb.- SOUND PRESSURE LEVELS - KIWI  B 4B/CF 

Simulated  Nozzle  Test 

EP I August 8, 1963  Propellant:  Gaseous Nitrogen at 69 lbs / sec  

1 

t Octave Band 
Center  Frequency 

( CPS ) 

63 

12 5 

250 

500 

1000 

2000 

4000 

a000 

10000 

Overall  SPL 

i 

Corrected Sound Pressure  Levels - dB r e  2 x loe4 

Microphone  Locations: 420 ' Tower 
1 2  3 4 5 6 7 a 9 

89 90 94 

88 90 93 

88 91 93 

91 90 93 

91 93 96 

92 94 97 

90 "-  "- 
"- e" "- 
"e "- "- 

95 97 

97 97 

100 100 

100 103 

102 106 

103  105 

93 94 

"-  "- 
"- "- 

96 

99 

103 

106 

111 

110 

97 

92 

"- 

90 101 

99 98 

101 95 

104 99 

109 102 

loa  103 

96 91 

"- -" 
-e- "- 

lynesl 

10* 

93 

95 

95 

94 

95 

93 

80 

- 

"- 
"- 
- 
103 
- 

m 2 

120 ' Tower 
11 12 

107 

108 

108 

108 

11 3 

111 

103 

99 

"- 

107 

109 

113 

115 

119 

116 

109 

104 

"- 

Located on ground i n  l i n e  w i t h  towers a t  520 f e e t  from  nozzle  center l i n e .  



TABLE XC.- SOUIJD PRESSURE LEVELS - KIWI B 4B/CF 

Simulated Nozzle Test 

EP I 8 August 1963 Propellant:  Liquid Hydrogen at 35 lbs/sec 

Octave Band 
Center Frequency 

( CPS 1 

63 

12 5 

250 

500 

1000 

2000 

4000 

8000 

10000 

Corrected Sound Pressure Levels - dB r e  2 x 

Microphone Locations : 420' Tower 
1 2 3 4 5 6 7 8 9 

98 

98 

101 

99 

98 

94 

90 

"- 
"- 

99 

97 

100 

101 

100 

98 

91 

-" 
"- 

97 

99 

103 

102 

103 

102 

93 

"- 
"- 

101 

102 

105 

104 

104 

103 

93 

"- 
-" 

102 

106 

106 

107 

107 

107 

97 

"- 
-" 

107 

108 

109 

113 

112 

111 

100 

95 

"- 

106 

111 

111 

114 

114 

112 

102 

96 

"- 

110 

110 

112 

"- 
116 

115 

106 

98 
"- 

lynes 

10' 

105 

107 

107 

109 

107 

101 

90 

81 

- 

-" 
- 

" 

L 

1 
m 

120 ' Tower 
11  12 

z 

116 

120 

122 

124 

126 

123 

119 

11 5 

"- 

117 

120 

123 

12 3 

12 5 

12 2 

119 

114 

-" 
* 
Located on ground in   l ine  with  towers  at 520 f e e t  from nozzle center  line. 



TABLE Xd.- SOUND PRESSURE LEVELS - KIWI B-bB/CFT 

(a) EP I1 21 August 1963 Propel lan t :  Gaseous Nitrogen a t  43 l b s / sec  

Octave Band 
Center  Frequency 

CPS 

63 

125 

250 

500 

1000 

2000 

4000 

8000 

10000 

Overal l  SPL 

F Microphone  Locations 420' Tower 
1 2 3 .4 .5 6 7 8 9 

"- 

95 

94 

100 

98 

96 

93 

- -- 
"_ 

-"  "- 

96 96 

100 100 

99 102 

100 103 

100 103 

93 93 

"- "_ 
"- "_ 

89 

93 

96 

97 

102 

98 

96 

-" 

"_ 

"- "_ 
93 94 

96 95 

98 99 

104 106 

104 107 

95 98 

"- "_ 
"- "_ 

"- 

94 

95 

98 

104 

107 

100 

93 

"_ 

89 

95 

97 

100 

107 

109 

102 

96 

"- 

86 

94 

92 

99 

102 

107 

99 

92 

"- 
I 

104  106  109  106  108 110 113 112 109 

10" 

81 

89 

91 

92 

94 

94 

89 

75 

"- 

100 

:m 

L20' Tower 
11 12 

c 

94 95 

102 105 

105 106 

107 108 

115 116 

114 115 

111 115 

107 110 

"_ "_ 

119 121 

* 
Located on ground i n   l i n e  with towers a t  520 feet  from nozz le   cen ter   l ine .  



Octave Band 
Center  Frequency 

( cps ) 

63 

12 5 

250 

500 

1000 

2000 

4000 

8000 

10000 

Overall SPL 

2 
2rn Corrected Sound Pressure  Levels - dB re 2 x 10 -4 

Microphone Locations: 420  Tower 
1 2 3 4 5 6 7 8 9 

"- 
95 

98 

100 

101 

98 

96 

"- 
"- 

"- 
98 

101 

102 

102 

102 

93 

"- 
-" 

91 

98 

102 

103 

107 

106 

99 

"- 
"- 

92 

99 

101 

102 

103 

104 

97 

94 

-" 

93 

100 

102 

105 

108 

110 

101 

96 

"- 

91 

101 

103 

105 

108 

108 

101 

95 

"- 

92 

102 

104 

105 

108 

107 

10 3 

97 

"- 

93 

102 

99 

105 

103 

104 

98 

90 

-" 

ynes /( 

lo* 

89 

97 

98 

99 

98 

92 

88 

- 

"- 
"- 

105 

120 Tower 
11 12 

100 

111 

112 

113 

115 

114 

113 

109 

"- 

99 

110 

112 

113 

117 

116 

115 

112 

"- 
- 

121 123 

Located on ground in   l ine  with  towers  a t  520 feet from nozzle  center  l ine.  



TABLE Xf .- SOUND PRESSURE  LEVELS FOR KIWI B-bB/CFT 

(b) EP I1 August  21,  1963  Propellant: Gaseous  Hydrogen at 24 lb s / sec  

Octave Band 
Center Frequency 

( CPS 1 

63  

12 5 

250 

500 

1000 

2000 

4000 

8000 

10000 

Overall SPL 

r Corrected Sound Pressure  Levels - dB re 2 x 

Microphone Locations:  420' Tower 
1 2  3 4 5 6 7 8 9 

101 

100 

102 

103 

103 

100 

96 

"- 
" - 

103 

105 

105 

107 

107 

107 

98 

"- 
"- 

10  3 

108 

107 

107 

107 

107 

100 

"- 
-" 

106 

109 

109 

108 

109 

109 

100 

"- 
-" 

108 

111 

110 

111 

111 

111 

102 

96 

"- 

110 

111 

112 

11 5 

1 1 4  

1 1 4  

105 

99 

"- 

109 

112 

114 

117 

117 

116 

108 

101 

-" 

107 

113 

115 

11 8 

119 

117 

111 

102 

"- 

11 3 

111 

108 

116 

115 

115 

108 

101 

"- 

110 114 115 117 119 121  123  124  122 

lynesl 

101 

107 

107 

- 

106 

108 

107 

102 

94 

90 

"- 
- 
114 
- 

mc 
120' Tower 
11 12 

11 5 

122 

121 

12 5 

127 

12 4 

120 

117 

"- 

118 

122 

126 

128 

129 

124 

121 

117 

"- 

132 134 

1 

* 
Located on ground in   l ine   wi th   towers  a t  520 feet from nozzle   cen ter   l ine .  



TABLE Xg.- SOUND PRESSURE LEVELS FOR K I W I  B HIGH FLOW ACOUSTICAL TEST 

( a )  January 9, 1964 P r o p k a n t  : Gaseous Hydrogen at 100  lbs/sec 

One-Thi rd  
Octave Band 

Center Frequency 
( CPS 1 

20 
25 
32 
40 
50 

30 
100 
12 5 
160 
200 
250 
31 5 
400 
500 

63 

6 30 
800 

1000 
1250 
1600 
2000 
2500 
3150 
4000 
5000 
6 300 
8000 

10000 

Overall SPL 

Microphone Locations : 420' Tower 
1 2 3 4 5 6 7 8 9  

91 99 96 98 103 108 106 100 104 
90 100 99 100 105 110 110 104 111 -- 100 97 96 105 111 112 104 109 
90 104 102 102 107 109 113 109 110 
90 100 102 104 109 110 113 110 110 
94 104 103 105 109 112 115 112 111 
94 100 100 103 107 111 116 112 106 

92 101 102 101 105 110 115 113 1 1 4  
93 103 101 102 106 108 114  112 117 
94 105 103- 102 106 108 112 112 119 
94 104 102 104 107 111 115 113 120 
94 102 101 103 106 110 114 113 115 
94 105 103 104 107 112 114 114  116 
94 102 101 104 106 112 115 116 118 
94 103 103 104 107 113 116 116 116 
94 102 104 104 108 113 1 1 4  113 115 
94 103 104 106 110 113 115 114  114 
92 102 102 102 103 112 116 116 117 
92 103 103 104 108 114 115 111 116 
90 103 103 105 105 111 110 110 114 

91 101 loo  100 107 111 115 110 108 

" 98 99 100 101 105 106 103 109 
" 95 94 97 101 109 107 105 110 
" "- 96 99 98 106 106 io9 io8 
" "- 92 99 98 109 105 102 106 - "- 94 99 94 109 102 100 107 
" "- 94 99 90 110 104 99 104 
" -" "- -" -" "- "- -" "- 

107 115 114 116 119 124 126  126  128 

120 ' Tower 
10" 12 13 

102 1 110 107 
104 115 112 
105 116 113 
108 119 117 
105  120 119 
110  124 121 
108 121 117 
109 120  120 
112  124  122 
112  123  122 
112  120  123 
110  121  124 
108  121 124 

110  123  126 
106 123 126 
104 123 126 
102  124  128 
99 125 129 
95 124 126 
93 120 123 
94 117 119 
93 118 119 
94 118 119 

' 

n o  122  127 

93 116 118 
92 116 116 
88 114  114  

122 137 135 

1 

,nes/cm 2 

Concrete Pad 
16 17 18 19 

"- "- -" "_ "- "-  "- lo9 
111 --- 112 112 112 "- 118 117 115 --- 120 122 121 "- 119 117 119 

117 121 121 122 
117 121 122 122 
117 124 123 124 
119 122 123 122 
121 122 123 124 
119 122 122 122 
120 125 125 125 
122 125 125 126 
121 124 124 124 
122 123 124 124 
125 125 125 125 
124 124 124 124 
127 122 123 123 
125 121 122 122 
123 120 119 120 
120 117 117 117 
119 117 117 114 
115 115 114 111 
110 111 111 108 

"-  "-  "- 

105  107 --- 105 "- -" "- "- 
133 135 135 135 

cn 
v) 

Located on ground i n  l i ne  with  towers at  520 f ee t  from nozzle  center  line. 



TABLE Xh.- SOUND PRESSURE LEVELS FOR KIWI B HIGH FLOW ACOUSTICAL  TEST 

(b) January 9, 1964 Propellant:  Gaseous Helium at 130 lbs/sec 

One Third 
Octave Band 

Center  Frequency 
( CPS 1 

20 
25 
32 
40 
50 

80 
100 
12 5 
160 
200 
250 
31 5 
400 
500 

63 

6 30 
800 
1000 
1250 
1600 
2000 
2500 
3150 
4000 
5000 
6300 
8000 
10000 

Overall  SPL 

r *Corrected Sound Pressure  Levels - 
Microphone Locations: 420' Tower 
1 2 3 4 5 6 7 8  9 

"- "e 89 87 89 88 87 83 85 
95 --- 96 94 95 92 91 90 90 
95 --- 98 98 98 97 94 89 92 
101 100 105 103 104 103 100 94 95 
104 104 108 106 107 106 103 96 97 
107 105 111 109 111 109 106 98 100 

109 113 112 114 116 114 111 101 98 
110 115 112 113 116 117 113 106 105 
112 115 114 114 116 117 115 108 109 
110 114 112 112 116 118 116 109 110 
113 115 113 115 117 117 117 110 112 
109 112 110 112 115 117 116 110 109 
107 112 110 111 116 117 114 111 111 
105 110 108 111 114 118 117 114 112 
106 109 109 111 113 118 117 113 111 
105 109 108 110 113 116 115 112 110 
105 109 108 110 113 114 115 111 109 
101 104 103 104 108 115 117 116 114 
98 103 104 107 112 115 115 110 113 
98 105 105 107 106 112 109 109 112 
96 103 101 103 102 107 107 103 108 
93 97 94 101 104 109 105 105 108 

106  107  112  112  114  112 108 101 96 

90 --- 97 100 101 108 108 109 106 --- --- 94 102 100 109 lo7 103 104 "- -" 95 102 97 109 103 100 105 "- "- 96 101 93 110 106 l o o  104 "- -" "- "- "- "- "- -" "- 
119  123 121 123 125  128  126  123  122 

a 
- 10" 

"- 
86 
88 
93 
95 
99 
103 
100 
104 
104 
104 
100 
98 
101 
100 
102 
98 
97 
99 
99 
101 
100 
97 
94 
93 
92 
91 -" - 
114 - 

! x 

-20' Tower 
12  13 

"- 
99 --- 
100 --- 
105 103 
107 105 
112 111 
114 110 
116 111 
119 114 
120 116 
121 116 
123 117 
122 118 
124 121 
125 121 

125 121 
125 124 
128 125 
124 124 
120 120 
119 116 
118 116 
118 117 
115 116 
116 113 
114 113 

126  122 

-" "- 
137  131 

Located on ground in  l ine,   with  towers a t  520 f ee t  from  nozzle  center  line. 



TABLE X i  .- SOUND PRESSURE LEVELS - K I W I  B-4D 

EP IV May 13, 1964 Propellant: Liquid Hydrogen at 69 lbs/sec 

h e  Thfrd 
Octave Band 

:enter Frequency 
( C D I  ) 

20 
25 
32 
40 
50 
63 
80 

100 
125 
160 
200 
250 
315 
400 
500 
630 
800 

1000 
12 50 
1600 
2000 
2500 
3150 
4000 
5000 
6300 
8000 

10000 
12500 
16000 
20000 
25000 

Overall SPL 

T 
Corrected Sound Pressure  Levels - dB re 2 X Q 

Microphone Locations: 420' Tover 120' Tower 
1 2 3 4  5 6 7 8 9 , 11 12 13 1 4  

pee/cm 2 I 
"-  "-  "- "- "- "_ "- "- -" "- "_ "-  "- 
100 104 104 107 111 112 118 109 io8 , --- --- --- --- 
100 105  107  107  113 114  121 111 110 

' --- --- --- --- 102 106 108  101 1 1 4 .  118 122 114 109 

--- --- --- --- 
101 105 log 110 115 117 122 113  110 , --- -'-- --- --- 

I !  101 105 109 110 115 119 123 115 107 
102 106 110 111 115 120 124 117 108 
103 107 110 112 117 120 125 119 112 
103 106 110 112 116 120 125 121 116 
103 107 109 112 116 120 126 123 119 
105 108 111 113 116 120 126 124 120 
104 108 110 112 115 120 126 124 119 
106 109 111 114  117 120 126 125 122 
107 110 112 115 118 121 126 126 123 
107 111 112 115 118 121 126 126 123 
108 111 114 116 119 122 126 125 124 
110 111 114 117 119 120 126 123 121 
110 113 114  118 118 120 125 124 120 
111 112 113 115 118 121 125 126 123 
109 111 112 113 118 121 125 123 121 
110 111 112 116 118 118 124 120 116 
110 110 110 114 113 112 123 115 115 
109 107 105 111 112 113 124 117 115 
105 103 103 108 112 115. 124 120 118 
105 102 102 106 110 113 123 117 112 
105 101 101 105 109 110 123 113 109 
106 100 99 105 111 110 123 113 110 
106 99 100 105 115 112 125 114 112 "- "- "- "- "- Y" "- -" "- "-  "-  "- "- -" a" "- -" "- -" "-  -" "- "- "- "- -" "- 
" " "- -"  "-  "-  "-  "- "- 
121  123  125  127  130  133 138 136 133 

"- "- "-  "- 
129  127  120 118 

127 128 123 120 
127 130 126 122 
127 129 128 123 
126 130 130 126 
126 129 130 127 
126 129 130 128 
125 128 131 131 
127 129 130 128 
123 125 128 129 
125 128 131 130 
124 125 127 130 
121 124 125 127 
118 120 122 123 
120 119 121 122 
118 121 125 124 
116 120 123 123 
114  117 118 120 
113 116 114  118 
110 115 117 117 
107 114 116 116 
107 114  115 115 
105 112 112 112 
104 111 109 110 

138 140  140 139 

-"  "- "e "- 
129  128 122 119 

Balloon  Cable I 

101 104 108 109 108  103 

103 106 110 111 111 109 
103 106 110 109 111 110 I 
102 106 110 111 113 112 I 

' 

101 105 io8 110 110 105 

104 107 111 110 115 116 
104 107 111 111 115 118 
105 107 111 112 114 118 
107 108 112 112 115 119 
107 109 111 113 116 119 
107 108 111 112 115 118 
108 110 112 112 115 118 
109 111 112 112 115 118 
109 110 112 111 114 117 
109 111 112 111 114 116 
108 110 111 111 114 115 
108 109 110 110 112 115 
108 108 109 109 111 113 
106 107 108 107 109 112 
105 106 106 105 107 110 
103 104 104 102 105 109 
102 103 103 101 102 109 

96 101 100 94 95 105 
93 100 97 92 92 102 
91 100 95 91 90 94 
93 99 95 94 93 93 

99 102  101 98 98 107 

"-  "-  "-  -" "- -" "- "- "- "- "-  -" "- "- "- "- -"  "- "- "- "- " "- "- 
120 122 124 125 i27 129 



1 
I) 

TABLE Xj.- SOUND PRESSURE  LEVELS - K I W I  B-4E 

EP V August 28,  1964 Propellant:  Liquid Hydrogen a t  69 lbs/sec 

One Third 
Octave Band 

Center Frequency 
(CPS 1 

20 
25 
32 
40 
50 

80 
100 
12 5 
160 
200 
250 
315 
400 
500 

63 

6 30 
800 
1000 
12  50 
1600 
2000 
2500 
3150 
4000 
5000 
6 300 
8000 
10000 

Overall SPL 1 

Corrected Sound Pressu 

Microphone Locations: 420' Tower 
2 4 5 6 7 8 9  

104 106 113 111 111 106 108 
106 113 114 113 114 110 110 
108 113 116 116 116 112 108 
106 112 114 116 116 112 108 
104 110 114 115 117 115 111 
103 108 112 114 118 114 112 
103 109 114 116 117 117 115 
104 110 115 118 120 119 117 
105 111 115 119 120 121 118 
106 114 117 121 121 112 120 
108 115 117, 123 122 124 123 
108 114 118 121 122 124 123 
110 115 119 122 122 124 124 
111 117 118 122 123 124 124 
112 118 121 123 123 124 125 
112 118 121 124 124 123 126 
113 119 120 125 122 122 124 
113 119 120 122 122 123 124 
114 118 121 123 124 123 125 
112 115 122 123 122 122 123 
111 118 120 121 119 119 118 
113 118 115 115 113 114 115 
109 114 114 115 114 113 113 
105 112 114 117 117 117 117 
103 110 113 112 113 113 112 
99 107 111 110 109 108 108 
99 106 108 109 108 109 107 
100 105 110 104 105 107 104 

124  129  132  134  135  135  135 

2 Levels - dB re 2 x dynes/cm' 

Concrete Pad 
17  18  19 , 20  28  29  30 Kaman 

107 102 106 118 108 103 103 124 
109 105 109 ,118 108 107 107 124 
111 107 111 118 111 110 110 124 
113 108 111 117 111 108 110 121 
114 109 113 118 112 112 112 122 
113 108 112 117 114 113 112 126 
117 115 117 120 119 115 114 123 
118 114 117 122 117 115 115 125 
119 117 119 125 118 118 119 126 
122 118 120 127 120 118 119 127 
124 120 121 128 121 121 120 129 
125 120 124 130 123 123 123 130 
126 122 124 131 125 125 125 133 
128 126 126 131 126 127 126 133 
129 126 128 129 126 128 128 135 
129 127 128 132 127 129 128 135 
129 127 127 133 127 130 129 137 
128 126 126 133 125 129 130 137 
128 125 127 132 125 129 130 136 
128 124 125 131 124 129 130 136 
125 123 125 131 123 128 128 133 
124 121 123 128 122 127 126 132 
123 119 120 125 119 125 125 131 
122 119 120 123 118 124 124 133 
121 118 120 122 119 123 123 134 
120 116 118 120 117 120 120 133 

115  115  113  121  116  114  118 --- 
138  137  137  142 137 139  139  146 

119  116  117  122  116  118  119  i2g 

Located on LH2 Dewar 120 feet from KIWI B nozzle.  This   data   obtained  during  the 5-13-64 test. 

)ewar* 

-" 
112 
115 
116 
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121 
123 
12 5 
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130 
131 
132 
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133 
131 
132 
131 
128 
124 
122 
121 
119 
118 
119 
120 
120 

142. 

126 

- 
- 
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Figure 1. View of Test  Site  Showing  Simulated. Nozzle Assembly 
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FLARE STACK I [  TOWER 12 0 -FT 

LH2 ii; ii 
DEWARS c\ I! $ 

7 REACTOR 

Figure 2. View of Test Cell  C 
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BALLOON 
ARR4Y v 

F i g u r e  3 .  V i e w  of T e s t  Cel l  C D u r i n g   F u l l  Power Run of KIWI B-4D 



Figure 4. V i e w  of Channel on the 420-Foot Tower 



ROPIIONE 

Figure 5. Typical  Microphone  Installation on  Tower 



Figure 6. Tape Recorders and Remote Tv Monitor i n  T e s t  Cell C Basement 



TAPE PLAYBACK UNIT 
AMPEX CP-100 

VISUAL 
EVALUATION 

P 
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1/3 OCTAVE 
BAND FILTERS 

(B&K TYPE 2112) 

LOG-AUDIO 
PRE-AMP 
SANBORN 
150-1400 

GRAPHIC  LEVEL 
RECORDER 
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(B&K TYPE 2!12) 
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Figure 7. Block Diagram of Data  Reduction 
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DRIVE 

F i g u r e  8. S c h e m a t i c  of N u c l e a r   R o c k e t   P r o p u l s i o n   S y s t e m  



100-lT 
TYPICAL 

- MICROPHONE 
X - ACCELEROYETm 

DEWAR 
LH2 DEWAR 

NCRETE PAD 

6 ACCELEROMETERS 
ON EACA PANEL 

Figure  9. Geometrical  Location of Sensors 



0 SIMULATED NOZZLE AT 85 LBS/SEC 
0 SIMULATED  NOZZLE AT 69 LBS/SEC 
A BELL NOZZLE. .... AT 52 LBS/SEC 
A BELL NOZZLE..... AT 43 LBS/SEC 

410 360  310 260 210 160 110 60 10 
MICROPHONE  POSITION ON 420-FT TOWER (HEIGHT IN FEET) 

Figure 10. Comparison of Overall Sound Pressure Levels Versus Microphone 
Position for Gaseous Nitrogen Cold F l o w s  



LEGEND 

PROPELLANT WT  FLOW 
veq 

0 GH2 69 LB./SEC 17 900 FT/SEC 

El GHe 130 LB/SEC 3200 FT/SEC 
A GH2 100 LB/SEC 5400 FT/SEC 

d GNZ 52 LB/SEC < 2000 FT/SEC 
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COLD FLOW 
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COLD FLOW 

OCTAVE BAND FREQUENCY LIMITS (CPS) 

Figure 11. Octave Band Spectra Comparisons 
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-F 

DURING MAXIMUM POWER OF  KIWI  B-4D 
E P  IV 13 M A Y ,  1964 

* Values of S P L  taken  along  towers 

a r e   i n t e r p o l a t e d   t o   p o i n t s  of 
i n t e r c e p t  w i t h  r a d i i .  

EXHAUST 

ESTIMATED 
LOCATION 

OF SOURCE \ 

R E A C T O R 1  
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4 2 0 - F T  
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.300 cI 
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Y 
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. loo  

F igure  12. Comparison of Overall SPL's along R a d i i  from t h e  Reactor 
t o  the  Balloon  Microphones 
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KIWI B-4D 5-13-64 
SOUND PRESSURE  LEVELS 
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Figure 13a. Estimated Equal Sound Pressure Level--Overall SPL in dB 
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F i g u r e  13b. Es t ima ted   Equa l  Sound Pressure  Level--One-Third Octave Band: 
Cente r   F requency  100 c p s  
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F i g u r e  l3c. Estimated Equal   Sound  Pressure  Level--One-Third  Octave  Band:  
C e n t e r   F r e q u e n c y  250 cps 
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Figure   13d .   Es t imated   Equal   Sound  Pressure   Level - -One-Thi rd  Octave Band: 
Center   Frequency  500 cps 
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Figure 13e. E s t i m a t e d  Equal S o u n d   P r e s s u r e   L e v e l - - O n e - T h i r d   O c t a v e   B a n d :  
C e n t e r   F r e q u e n c y  1000 cps 



600. 

500- 

400 

n 
B w w 
Fr 
W 

300 is 
H w 
X 

200 

100 

0 

REACTOR 

KIWI B-4D 5-13-64 

SOUND PRESSURE  LEVELS 
B re 2 X DYNES/CM~ 

110 dB 

0 3 0 h 
LO5 dB 

NOTE: 0 INDICATES  MICROPHONE  LOCATION 

F i g u r e  13f. E s t i m a t e d   E q u a l   S o u n d   P r e s s u r e   L e v e l - - O n e - T h i r d   O c t a v e   B a n d :  
C e n t e r  F r e q u e n c y  2000 cps 
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Figure 13g. Estimated Equal Sound Pressure Level--One-Third Octave Band: 
Center Frequency 4000 cps 
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Figure 13h. Estimated  Equal Sound Pressure Level--One-Third Octave  Band: 
Center  Frequency 8000 cps 



Figure  14. Infrared Photograph of KIWI B Exhaust a t  Full Power 
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K I W I  B DATA 

0 COLD FLOW HYDROGEN 1/9/64 

COLD FLOW HELIUM 1/9/64 

0 HOT FLOW HYDROGEN 5/13/64 

A HOT FLOW HYDROGEN 8/28/64 

37.5/75 150/300 6001 

CHEMICAL  ROCKET DATA  MODEL ROCKET DATA 

(REF.  3) (REF.  (4) 

ENGINE  C (3 HEATED  GHe 

v ENGINE  E 

v ENGINE F 
ENGINE  H 

200 
I 

400 4 8 0 0 / 9 6 0 0  92oc 

i I 

I 38400 1 

I 
2 0 0  2400'/4800 9600/19200 OVERALL 

OCTAVE BAND FREQUENCY L I M I T S   ( C P S )  

F i g u r e  1.5. Comparison of Sound  Power L e v e l s  for K I W I  13 
and Chemical   Rockets  
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KIWI B DATA 

0 COLD FLOW GH2 1-9-64   TEST 

COLD FLOW GHe 1-9-64 TEST 

"c- 
i I I i !  ' I  J 

~ 

I 

0 . 0 1  

CHEMICAL  ROCKET DATA 

(REF.  3 )  

ROCKETS  C t o  H 
- - 

V ROCKET F 

MODEL ROCKET DATA 

(REF. 4) 

8 HEATED GHe 

L 
0 .  i o  110 i o  

DIMENSIONLESS FREQUENCY PARAMETER = (7) f 

[ (  

e 

De 
- 

NOTE:  GENERALIZED POWER SPECTRUM  LEVEL = OBPWL - 10 L o g  A f o b )  - (OAPWL - 10 L o g  3 ) ] 
Figure 16. Generalized Sound Power Spectra of KIWI B and Chemical  Rocket Noise 
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KIWI B DATA 

0 COLD FLOW GH2 1-9-64 

4 COLD FLOW GHe 1-9-64 

7pz HOT FLOW LH2 I 5-13-64 
8-28-64 

T 

i , .  I ! 

CHEMICAL  ROCKET DATA 
(REF.  3 )  - - ROCKET  C TO H 

V ROCKET F 

ICI 
MODEL ROCKET DATA 

(REF.  4 )  

8 HEATED CHe 

1 
I 

0.10 1 . 0 0  10 

DIMENSIONLESS FREQUENCY PARAMETER = 
f 

c I" 1 
1 - 

100 

P .  
NOTE:  GENERALIZED POWER SPECTRUM  LEVEL = OBPWL - 1 0  L o g  A f o b  

Figure   17 .   Genera l ized  Sound  Power S p e c t r a  of KIWI B and  Chemical 
Rocket   Noise   (Ef fec t  of D e n s i t y  R a t i o )  
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KIWI B DATA 

COLD FLOW  GH2 1-9-64 

COLD FLOW GHe 1-9-64 

0 HOT FLOW LH2 5-13-64 

A HOT FLOW LH2 8-28-64 

CHEMICAL  ROCKET DATA 
(REF.  3) 

ROCKET  C 

V ROCKET F 
0 ROCKET  H 

MODEL ROCKET DATA 
(REF.  4) 

@ HEATED GHe 

T 

" 

I f 
I 

0.01 
I 

0 .1  1.0 10 

NOTE:  RELATIVE  SPECTRAL  DENSITY  LEVEL = [ (  OBPWL - 10 L o g  A f o b )  - ( OAPWL - 10 ~ o g  Af,,  

F i g u r e  18. R e l a t i v e  Spectral  D e n s i t y   L e v e l s  f o r  KIWI B a n d  Chemical Rocket Noise 



KIWI B DATA 

e COLD FLOW G H ~  1-9-64 

$ COLD FLOW GHe 1-9-64 
0 HOT FLOW LH2 5-13-64 
A HOT FLOW L H ~  8-28-64 

10 

CHEMICAL  ROCKET DATA 
(REF.  3 )  

ROCKET C 

V ROCKET F 
0 ROCKET H 

100 

MODEL ROCKET DATA 
(REF. 4)  

@ HEATED  GHe 

0 

DIMENSIONLESS FREQUENCY PARAMETER = f 

NOTE: RELATIVE  SPECTRAL  DENSITY  LEVEL = ( OBPWL - lo A f o b  ) - (OAPWL - 10 L o g  A foa 

10 000 

F i g u r e  19. Generalized Sound S p e c t r a l   D e n s i t y  f o r  K I W I  13 and Chemical 
Rocket  Noise ( E f f e c t  of Exhaust Gas Parameters )  
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KIWI B DATA CHEMICAL ROCKET DATA 

COLD FLOW GH2 1-9-64 
COLD FLOW GHe 1-9-64 

0 HOT FLOW LH2 5-13-64 

A HOT FLOW LH2 8-28-64 

lo6 10' 

/ 
/ *  
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* 

lo8 

ENGINE  C  (REF. 3)  

V ENGINE F (REF. 3)  

'I ENGINE  E  (REF. 8 )  

0 ENGINE H (REF. 3 )  

MECHANICAL POWER = 0 . 6 7 8  FV (WATTS) 
eq 

(REF. 10) 
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I 
i 

l o 9  

fl I 

.. 

Figure  20. R e l a t i o n  of R a d i a t e d  Sound Power t o  Exhaust   Mechanical  Power 



420-FT TOWER DATA 

0 COLD FLOW GH2 1-9-64 

0 HOT FLOW GH2 5-13-64 

WEIGHT FLOW ves 
LB/SEC  FT/SEC 

100 5400 

69 17 900 

A HOT FLOW GH2 8-28-64 69 19 500 

4 COLD FLOW GHe 1-9-64 13 0 3200 

e =ANGLE MEASURED FROM THE EXHAUST 
FLOW DIRECTION  WITH  THE  ORIGIN AT THE 
CENTER OF THE NOZZLE E X I T  

* AT 350-FT RADIUS FROM NOZZLE 

F igure  21. Comparison of Acoustical  Directivity  Patterns 
fo r  H o t  and Cold Gas Flows 
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KIWI  B-4D POWER RUN 5-13-64 

A 120-FT TOWER: SPACE  AVG.  OASPL = 140 dB @ 110-FT RADIUS 

420-FT TOWER: SPACE AVG.  OASPL = 132 dB @ 350-FT RADIUS 

0 BALLOON CABLE:  SPACE  AVG.  OASPL = 125 d B  Q 600-FT RADIUS 

~ = ~ G L E  MEASURED FROM THE EXHAUST 
FLOW DIRECTION  WITH  THE  ORIGIN  AT  THE 

CENTER OF THE  NOZZLE E X I T  

Figure 22. C o m p a r i s o n  of Acoustical D i r e c t i v i t y   P a t t e r n s  
f o r  O v e r a l l   S o u n d  Pressure L e v e l s  
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K I W I  B-4D POWER RUN 5-13-64 
1/3 OCTAVE BAND 420-FT TOWER DATA 

CENTER  FREQUENCY 

@ 50 CPS 
0 100 C P S  
a 200 CPS 
A 400 C P S  

8' 

1/3 OCTAVE BAND 
CENTER  FREQUENCY 

A 800 CPS 
1600 CPS 

0 3150 C P S  
6300 CPS 

6 OVERALL 

1 m I  

I I I 

Figure 23. Acoustical  Directivity  Patterns  in One-Third Octave Bands 



FREQUENCY RANGE = 20 TO 2000 CPS 

PROPAGATION TIME I N  
MI LLI SECONDS 

- """" 

5 6 

Figure 24. Representation of Space-Time Correlation of KIWI B Acoustic  Field 



NOTE: M i c r o p h o n e  17 was 110 f e e t  
from t h e  reactor f o r   b o t h  
E P ' s .   S e p a r a t i o n   d i s t a n c e  
for m i c r o p h o n e s  17, 18 a n d  
19 were d i f f e r e n t  f o r  
5/13/64 and 8/28/64 E P ' s .  
( S e e   T a b l e s  I V  and  V .  ) 

UTILIZED 
MICROPHONES TEST 

DATE 

0 17 x 17 5/13/64 
17 x 18  8/28/64 

0 17 x 18  5/13/64 

A 
18 x 19 5/13/64 
17 x 19 5/13/64 
18 x 19 8/28/64 

A 17 x 19 8/28/64 

a 

\ I  I FREQUENCY  RANGE = 20 TO 2000 CPS I I 

0 1 2  3 4 5  6 7 8 9 10 

TIME D E W Y  (MILLISECONDS) 

F i g u r e  25. P r o j e c t i o n s  of t h e  Space-Time C o r r e l a t i o n s  of t h e  
A c o u s t i c   F i e l d  for t h e  K I W I  B Engine 
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Figure 26. Variation of Peak  Correlation  Amplitude  with  Distance 



DATA  FROM KIWI B-4E HOT FIRING 

0 2 4 6 8 10 12 

PROPAGATION DISTANCE (FEET) 

Figure 27. Comparison of Spatial  Correlation  Maxima for 
Low and H i g h  Frequencies 
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Figure 28. Typical Cross Power  Spectrum  Level Plot 



TEST 'DATE : 8/28/64  5/13/64 
- MICROPHONE 17 0 0 -  
MICROPHONE  18 H 
MICROPHONE 19 A A 

STANDARD DEVIATION FROM MEAN 

Figure 29. Distribution of Instantaneous  Peak  Pressures 
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Figure 30. Comparisons of Pro jec t ions  of Space-Time Corre la t ion  
a t  Two Distances From the  Source 



TRANSFER  FUNCTION  LEVEL  VERSUS  FREQUENCY 

100 1000 
FREQUENCY (CPS) 

ACCELERATION  OF  DEWAR (g2/CPS) 

IMPINGING SOUND PRESSURE [(LB/IN.  /CPS] 
10 loglo 2 2  1 
Figure 31. Plot of Transfer  Function  for  Dewar 

During KIWI B 4D Power  Run 
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Figure 32. Detailed V i e w  of Installation of Correlation Microphones for Ep P 



Figure 33. Vim of Near-Field Instrumentation EPP 
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E w Figure 34. EP PNear-Field  Instrumentation Viewed &Om Reactor 



FREQUENCY (CPS) 

F igure  3 5 .  M e a s u r e d   D a m p i n g  of K I W I  B T e s t   P a n e l  
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Figure 36. Power Transfer Function for Accelerometer 1 on KIWI B T e s t  Panels 
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